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Abstract
Lasers have been around now for over 50 years. Initially it was said that it is an
invention without an application. Since then it turned out that lasers are valuable
tools for applications like mapping atomic transitions or interferometric measurements. The research presented here will show one type of lasers, a two-pulse-per
cavity mode-locked laser, its applications and analyze its practical and theoretical
limits.
An analysis of a two pulse per cavity mode-locked laser is presented as analogy to
a quantum mechanical two level system. It can be shown that our lasers with two
independent pulses propagating inside the cavity can be coupled via a scattering
medium and will behave exactly the same way as a two level atom driven by a step
function electric field. This analogy is providing a new insight into the dynamics of
two-pulse coupling in mode-locked ring lasers.
The most important application of a mode-locked laser with two intracavity pulses
is Intra-cavity phase interferometry (IPI). The unique feature of mode-locked lasers,
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where a pulse to pulse phase shift is converted into a frequency, can be used for very
sensitive phase measurements that outperform standard interferometers. Two pulse
trains with the same repetition rate from the same cavity and a different phase shift
will show a beatnote signal directly proportional to this phase shift when interfered
on a detector. It leads to an good signal strength since all modes of the frequency
comb contribute to the signal. In this dissertation, I will describe the advancement
of IPI with our standard Ti:Sapphire cavities to the measurement of magnetic fields.
Also another cavity, Optical Parametric oscillators (OPO) can be used for IPI. I
will be showing two different implementations, intra-cavity pumped and extra-cavity
pumped and their usefulness to phase interferometry by presenting a new method to
measure the non-linear index of a material. In the end, a discussion about the theoretical limit of the sensitivity and resolution is provided for both, the Ti:Sapphire
and OPO system.
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Chapter 1
Introduction
Lasers have been in existence for over 50 years. The first laser was built by Maiman in
1960 and used a ruby crystal for the gain material [2]. Initially it was said that lasers
were considered an invention without an application. However, since the 1950s, lasers
have become invaluable tools. Applications range from mapping out atomic transitions through narrow linewidth continuous wave (CW) lasers to cutting materials.
During CW laser development, pulsed lasers also generated growing interest. The
pulsed lasers’ broad spectrum and high peak intensities and peak power were used for
most nonlinear optical experiments. The first pulsed laser, a ruby Q-switched laser,
was reported shortly after the initial invention of the laser by McClung and Hellwarth [3], reaching megawatt (MW) peak powers. Two years later, the first report
of active mode-locking was published [4]. Within a few decades, most broadband
laser types were able to be mode-locked, starting with dye lasers in the 1970s to
Ti:Sapphire lasers toward the end 1980s to semiconductor lasers. Ti:Sapphire lasers
are presently the most frequently used laser for mode-locking, to create short pulses,
because their broad gain bandwidth of more then 300nm [5] allows for pulse widths
as short as 5fs and average output powers of up to 1W out of the oscillator, a far
leap from the 1950s era lasers.

1

Chapter 1. Introduction

The dissertation is describing two applications of a mode-locked laser with two
pulse per cavity. One of the application, called two level analogy, of these two-pulseper-cavity lasers will be described in the dissertation in Chapters 2 and 3. Classical
analogies of quantum mechanical systems aid visualization and better understanding
of quantum mechanical systems only. From previous research, a simple electrical
circuit showed an elegant analogy of the interaction of an electric field with a three
level quantum mechanical system [6]. The two-level analogy discussed in Chapter 3,
provides new insight to the two-pulse coupling in mode-locked ring laser dynamics
instead of the frequently researched quantum mechanical systems. The two-level
analogy uses two independent pulses propagating inside the cavity and couples the
pulses via a scattering medium. The research shows the system will behave the same
as a two level atom driven by a step function electric field, but provides insight into
mode-locked ring laser dynamics. The analogy’s practical application is a sensor for
scattering measurements.
Other applications of mode-locked laser vary from pump probe experiments to
frequency combs. One important application with frequency combs is the optical
frequency standard for precise clocks, developed from the laser pulse trains’ inherent
characteristics of equally spaced delta-functions in the frequency domain and the
wide spectrum of fs pulses. Since the comb spacing is in the radio frequency (RF)
band, the RF signal from the laser can be locked to a standard RF signal given by
microwave oscillators. The RF signal locking provides an accurate time standard.
Due to the low noise and high stability of the mode-locked Ti:Sappphire laser, it
can provide an accurate frequency standard when locked to atomic transitions and
the the laser cavity is stabilized with cumbersome systems. This accurate frequency
standard can be used for testing basic physics principles, or used for precise pinpointing in global positioning systems (GPS).
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Nevertheless, precision measurements are still possible even with unstabilized modelocked lasers as the research presented here will show. Unstabilized mode locked
lasers use the phaseshift of the carrier wave underneath the pulse envelope to convert the phaseshift into a frequency, called intracavity phase interferometry (IPI),
the second application of a two-pulse per cavity laser descussed in the dissertation.
The resulting frequency induces a frequency shift of the entire comb. The frequency
shift is measured by normal heterodyne beating using a reference pulse train with
the same repetition rate. The sequential phaseshift from pulse to pulse in the pulse
train can occur inside of the laser cavity or outside with a Doppler shift. Inside a
mode-locked cavity, circulating pulses can acquire a phaseshift at each rountrip due
to the difference in group and phase velocity. Using two pulses, one signal and one
reference to acquire the opposite phaseshift with respect to each other, provides, at
the output of the laser, two pulse trains of equal repetition rate as needed for heterodyne detection. Since the pulses share the same cavity, fluctuations, in principle,
affect both pulses the same way. If no phase noise is introduced by the measurement,
the laser does not need any special stabilization setup. IPI theory is discussed in
detail in Chapter 4.

Only a few laser systems can be used for IPI. The first IPI experiment used a dye
laser system. mode-locked with a saturable absorber dye jet [7]. Five years later,
Ti:Sapphire lasers that were mode-locked with a saturable absorber dye jet improved
the overall stability of the beatnote signal from a bandwidth of 100Hz to 1Hz. Due to
the disadvantages of the dye jet, synchronously pumped optical parametric oscillators
(OPO) were investigated [8]. This dissertation discusses experiments to improve the
OPO cavity for IPI as well as different applications, like optical magnetometry. The
OPO experiments and applications are discussed in Chapters 5 and 6, respectively.
Limitations to beatnote bandwidth are discussed in Chapter 5.
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One disadvantage of using OPOs is the need for high power mode-locked pump
sources. Ti:Sapphire lasers have the power and pulse duration needed to pump OPOs
but, in addition to high costs, a problematic Q-switching is present. A cascade of
four lasers are needed during the OPO lasing process, which is inefficient. The four
laser setup includes the diode laser pumping the Nd:vanadate laser and doubling the
frequency to 532nm to pump the Ti:Sapphire. The cumbersome setup is a driver for
developing a high-power, mode-locked semiconductor laser. Relatively high output
power was achieved with fairly narrow pulse widths of 500fs. Since the output power
was not sufficient for pumping an OPO, the research shifted to a different semiconductor laser: optically pumped, vertical emitting, external cavity semiconductor
laser (optically pumped VECSEL). VECSEL experiments and results are discussed
in Chapter 5.
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Chapter 2
Theory of the Two level System
Analogy

2.1

Introduction

A second experiment conducted with two-pulse-per-cavity lasers is the two-level system analogy briefly introduced in Chapter 1. The two-level system analogy experiment will be described in the next two chapters. The analogy provides new insight to
the two-pulse coupling occurring in mode-locked ring lasers. The experiment couples
two independent pulses propagating inside the same cavity via a scattering medium
and will behave exactly the same way as a two level atom driven by a step function
electric field.

Various analogies exist for quantum mechanical systems using classical examples.
For instance, the quantum mechanical interaction of a field with a three level system
had a simple electrical circuit analogy [6]. However, most available analogies are
related to a three level system. This experiment investigates the analogy between
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a two-level system and a mode-locked laser with two circulating intracavity pulses.
The large variety of pulsed interrogation techniques of two level systems [9], first discovered in nuclear magnetic resonance [10], and later applied to optical transitions,
may innovate new detection methods in ring and linear lasers.

A general description of the analogy between a two level system and a bidirectional ring laser is presented in Section 2.2. Because the laser is mode-locked, with
two pulses circulating in the cavity, this characteristic provides flexibility to impose
various types of coupling between the two pulses, as discussed in Section 2.3. The
standard two-level system has a well defined ground-state, an initial condition for
most interactions. Section 2.4 shows the density matrix equations of a two-level
system applied to the ring laser, as well as the Bloch vector diagram of HellwarthVernon-Feynman [11].

2.2

Ring laser and the Two-Level System

The atomic or molecular system considered in this analogy has two quantum states
with opposite parity and can be coupled by a dipole transition. The two levels are
distinguished by their energy. In the ring laser under consideration, the states |1i
and |2i are two rotation senses of a ring laser. The probability of each direction
(clockwise and counterclockwise) is monitored through the pulse energy in the corresponding direction. The two levels of the quantum-mechanical system are coupled by
an electromagnetic wave of frequency ω nearly equal to the transition frequency ω0 .
Either situation uses the slowly varying approximation. For the quantum-mechanical
two-level system, the transition rates and detuning ∆ω = ω0 − ω are negligible compared to ω and ω0 . Similarly in the ring laser example, the transition rate between
|1i and |2i, as well as the difference in cavity resonances for the two rotation senses,
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are negligible compared to the carrier frequencies.

A sketch of a laser with two pulses circulating in the cavity is presented in Fig. 2.1
(a), and its two-level analogue in Fig. 2.1 (b). A ring laser is taken as an example, but
the analogy also applies to a linear cavity cavity with two circulating pulses. In the
Schrödinger description of a dipole transition |1i → |2i interacting near resonance

with an electric field E = 12 (Ẽ exp(iωt) + c.c.), the wave function ψ is written as a

linear combination of the basis: ψ(t) = a1 (t)|1i + a2 (t)|2i. Slowly varying coefficients
ci , defined by ai = ci exp(±iω0 t) are substituted to the ai in the Schrödinger equation,
resulting in the set of differential equations (see, for instance, Ref [12]),



c1





i ∆ω
2

i 12 κẼ



c1



d 
=

,
dt
c2
−i 12 κẼ ∗ −i ∆ω
c
2
2

(2.1)

where κ|Ẽ| = p|Ẽ|/h̄ (p being the dipole moment of the transition) is the Rabi
frequency. In the ring laser analogy, the coefficients ci (t) correspond to the complex
field amplitudes Ẽi (the tilde indicating a complex quantity) of each pulse circulating
in the ring cavity (round-trip time τRT ), as sketched in Fig. 2.1. The state of the
system is also defined by ψ(t) = Ẽi (t)|1i + Ẽ2 |2i. The evolution equation of these
fields is











1
d  Ẽ1 
1  r̃11 r̃12   Ẽ1 
=
=
||R|| · ||E||.
dt
τRT
τRT
Ẽ2
Ẽ2
r̃21 r̃22

(2.2)

In order to have an equivalence between Eqs. (2.1) and (2.2), the matrix ||R||

∗
= −r̃∗ and that r̃ii be
should be Anti-Hermitian, which imposes that r̃21 = −r̃12

purely imaginary. It can also easily be verified that this is the only form of interaction

7

Chapter 2. Theory of the Two level System Analogy
matrix for which energy is conserved d/dt[|Ẽ1 |2 + |Ẽ2 |2 ] = 0. The general case where
||R|| is neither Hermitian nor Anti-Hermitian is discussed in Section 2.3.
The real parts of the diagonal elements of the matrix ||R|| represent gain and
loss in the cavity. In steady state, the gain and loss are in equilibrium, and the real
parts of r̃kk are zero. A gain (or absorber) with a recovery (relaxation) time longer
than τRT /2 will cause transients in population. In the cavity sketched in Fig. 2.1
(a), an electro-optic phase modulator imposed an opposite phase shift (∆φ/τRT and
−∆φ/τRT ) in either direction, thereby modifying the resonance of the cavity for the
pulse Ẽ1 by ∆ω/2 = ∆φ/(2τRT ), and for pulse Ẽ2 by −∆ω/2 = −∆φ/(2τRT ). These
detuning terms contribute to the diagonal terms of the matrix ||R||: r̃11 = −r̃22 =
i∆φ/2

2.3
2.3.1

Conservative Versus Dissipative Coupling
The Symmetric Coupling Case

The mutual coupling terms r̃ij have taken numerous forms in the ring laser literature
[13, 14], which mainly addresses CW lasers. While Symmetric Coupling is considered,
it is not conservative and does not lead to an equivalence with the two-level equations.
The traditional approach has been to represent the scattering coupling distributed
in the whole cavity by an equivalent complex “scattering coefficient” r̃12 = r̃21 = ξ˜ =
ξ exp(iθ). This coefficient couples symmetrically, at each round-trip, a fraction ξ of
one beam into the other, with an average phase factor θ [15, 16, 13]. Writing for the
fields Ẽ1 = E exp(iϕ1 ) and Ẽ1 = E exp(iϕ1 ); substituting in Eqs. 2.2 and separating
the real and imaginary parts leads to the standard equations for the laser gyro. In
particular, the real part leads to an expression for the total intensity change, which
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Figure 2.1: Sketch of the analogy between a ring laser and a two level system. (a)
The bidirectional mode-locked ring laser, where two circulating pulses meet in a saturable absorber jet. An interface, positioned at or near the opposite crossing point of
the two pulses, controls the amplitude of the coupling parameter r̃ij . The laser with
two pulses circulating in its cavity is the analogue of the two-level system; the circulating intensities in the laser, measured for each direction by quadratic detectors, are
the diagonal elements (populations) of the density matrix of the equivalent two-level
system. The absence of the phase modulation corresponds to the two levels being on
resonance, driven at the Rabi frequency κE by a resonant field (the Rabi frequency
κE correspond to the frequency r12 /τRT in the ring analogy). The backscattering at
the interface thus provides a coherent coupling (Rabi cycling) between the two states,
while other non coherent decays tend to equalize the population in the two directions, and washed out the phase information. The detuning ∆ω in (b) corresponds
to the phase difference per round-trip ∆φ/τRT in (a), imposed by an electro-optic
phase modulator driven exactly at the cavity round trip time. A beat note detector
measuring the interference between the two fields, records the off-diagonal matrix
element. A combination of a Pockel’s cell M and polarizer P controls a feedback of
the clockwise pulse into the counterclockwise one.
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is proportional to:
1d
1
dẼ ∗
dẼ ∗
(Ẽ1 Ẽ1∗ + Ẽ2 Ẽ2∗ ) = (Ẽ1 1 + Ẽ2 2 + c.c.) =
2 dt
2
dt
dt
2ξ cos θ
˜
Re(d)Re(
Ẽ1 Ẽ2∗ ).
τRT

(2.3)

The derivative of the phase difference ψ=ϕ2 − ϕ1 is calculated by extracting the
imaginary part of the expression for the derivative of the electric fields,
 

E2
∂ψ
E1
= ∆ω − ξ
sin(ψ − θ) +
sin(ψ + θ) .
∂t/τRT
E2
E1

(2.4)

It is only for θ = π/2 that this coupling is conservative, per the equation for conservation of energy (2.3). This particular condition, combined with Ẽ1 Ẽ2 , is the one for
which the coupling ξ exp(iθ) does not introduce any dead band [17], as seen in the
expression (2.4) for the derivative of the differential phase [18].
Unlike CW laser, the amplitude and phase coupling coefficients r̃12 and r̃21 can
be easily controlled in the case of bidirectional mode-locked ring laser. The coupling,
with ξ˜ purely imaginary, can be created by a thin dielectric layer normal to the beam,
in the limit of vanishing thickness. Such a layer can be described by a polarization
P̃ = N αp δ(z)Ẽ, where αp is the polarizability of the layer of dipoles of density N.
Inserting this polarization into Maxwell’s wave equation, and integrating across the
dielectric layer while taking into account the continuity of the tangential field, leads
to the following expressions for the complex reflection coefficient r̃d and transmission
coefficient t̃d .

r̃d =

−iβ
,
1 + iβ

(2.5)

t̃d =

1
,
1 + iβ

(2.6)
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where β = (2π)2 N αp /λ, λ being the wavelength of the light. It can be easily
verified that the coupling of the two fields Ẽ1 and Ẽ2 by such layer conserves the total
energy |Ẽ1 |2 + |Ẽ2 |2 , consistent with |rd |2 + |td |2 = 1 and r̃d t̃∗d + r̃d∗ t̃d = 0, as long as β
is real.

2.3.2

The Nonsymetric Coupling Case

Mode-locked lasers are particularly interesting, because the localized radiation in
the cavity enables a selection of a truly conservative coupling. Instead of a small
coupling structure compared to the wavelength as considered above, this section will
discuss an interface (that could include a coating) between two media.
The coupling, localized at the crossing point of the two circulating pulses, can be
produced by the reflection at a dielectric interface between two media 1 and 2, for
which r̃12 = r̃ and r̃21 = −r̃∗ , which unsurprisingly corresponds to an Anti-Hermitian
matrix. The total intensity change introduced by this coupling is zero, as expected
for a conservative coupling. Further, the phase relation between the two reflections
at either sides of the interface is a consequence of energy conservation.
Following the approach of Spreeuw et al [19], the matrix ||R|| can be written in
Eq. (2.2) as a sum of a conservative (here, Anti-Hermitian) matrix ||A|| and a dissipative matrix ||H||:



i ∆φ
2
∗
−r̃12

||R|| = ||A|| + ||H|| =
 

r̃12
α
−g̃
+ 1

∆φ
∗
−i 2
−g̃ α2

(2.7)

In Fig. 2.1 (a), the phase shift ±∆φ/2 imposed on either pulse 1 and 2 by the
electro-optic phase modulator, divided by the round-trip time τRT . corresponds to
the detuning of the analogue two-level system. The differential frequency ∆ω can
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also be caused by rotation, Fresnel drag, Faraday effect etc. . . In the “dissipative
matrix” ||H||, α1 and α2 are the net gain (loss) coefficients for the two beams. The
mutual saturation term of the gain contributes also to the real part of g̃.

2.4

Density matrix equations

Eq. 2.2 can be r-ewritten in terms of the intensities in either rotation sense ρ22 = Ẽ2 Ẽ2∗

and ρ11 = Ẽ1 Ẽ1∗ , and the quantities ρ12 = Ẽ1 Ẽ2∗ and ρ21 = Ẽ2 Ẽ1∗ :
d(ρ22 − ρ11 )
= −4Re(r̃12 ρ21 )
dt/τRT
+2α2 ρ22 − 2α1 ρ11
dρ21
∗
= −i∆ωτRT ρ21 + r̃12
(ρ22 − ρ11 )
dt/τRT
+(α1 + α2 )ρ21 − g̃ ∗ (ρ22 + ρ11 )
d(ρ22 + ρ11 )
= 2α2 ρ22 + 2α1 ρ11 − 4Re(g̃ρ21 ).
dt/τRT

(2.8)

(2.9)
(2.10)

For the pure conservative case, ||H|| = 0, this system of equations reduces to
Eqs. (2.8,2.9) [with d/dt(ρ11 + ρ22 ) = 0], in which one recognizes Bloch’s equation for a two level system driven off-resonance by a step function Rabi frequency of
amplitude r̃/τRT [11]. The difference in intensities (ρ22 − ρ11 ) is the direct analogue
of the population difference between the two levels. The off-diagonal matrix element
ρ21 is the interference signal obtained by beating the two outputs of the laser on a
detector. As in the case of the two-level system, the phenomenological relaxation
rates γ can be introduced for the energy relaxation (diagonal matrix element) and γt
for the coherence relaxation (off-diagonal matrix elements). The physical meaning
of the transverse relaxation time 1/γt is the mutual coherence time of the two pulse
trains. For a constant “detuning” ∆ω, γt is related to the beat note bandwidth.
Combination of the non conservative coupling g and the loss α results in energy
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and coherent relaxation rates γ and γt . A general conservative case may involve the
dissipative matrix, with the condition that ρ22 + ρ11 is a constant.
The detuning term in Eq 2.9 may include a contribution from the Kerr effect ∆ωKerr
= ∆ωSP M +∆ωXP M . The Kerr-induced self-phase modulation ∆ωSP M takes place
in all components where the pulses do not cross such as the gain medium, and the
phase modulator in Fig. 2.1,

∆ωSP M =

1
τRT

(

2πn2s ls
)(ρ22 − ρ11 ),
λ

(2.11)

where n2s and ls are the nonlinear index and length of the nonlinear medium involved
in self-phase modulation. The Kerr-induced cross-phase modulation ωXP M takes
place in all components where the pulses do cross, such as the saturable absorber in
the example of Fig 2.1.
∆ωXP M =

1
τRT

(

4πn2x lx √
) ρ11 ρ22 ,
λ

(2.12)

where n2x and lx are the nonlinear index and length of the nonlinear medium involved
in cross-phase modulation. The Kerr effect thus introduces two nonlinear terms of
√
the form Cs (ρ22 − ρ11 ) and Cx ρ11 ρ22 in Equ. 2.10. In the experimental setup pre-

sented here, these terms are smaller by a factor of 105 than other contribution and
will be neglected. However, situations exist when these terms are important and can
lead to a determination of Kerr coefficients [20].
The mirror vibrations contribute to the beatnote bandwidth (i.e. each pulse sees
random differences in the cavity length of the order of the mirror motion over a time
of τRT /2). This broadening mechanism is equivalent to inhomogeneous broadening.
The gain (loss) terms αi can be seen as contributions to the population from other
levels. In an inversion driven laser, α1 ≈ α2 = α is an intensity dependent relaxation
that exists only in transients, since α = 0 (gain = loss) when the laser is at equilibrium. This situation occurs also in a two-level system when both levels (1) and (2)
are strongly coupled to a third level (laser medium pumped to zero inversion).
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2.5

Summary

The theoretical framework for the two-level analogy was described in this chapter.
The intensity dynamics equation of two pulses in a cavity, coupled through a scattering medium can be rewritten in a density matrix form. The equations are exactly
the same as the Bloch equation of a two-level system coupled with a step-function
electric field. Experimentally, the model validity can be tested by monitoring the
intensity evolution of the two pulses in a millisecond time scale. The off-diagonal elements also can be monitored since the term ρ12 = Ẽ1 Ẽ2∗ is the same as the interference
of the two pulses and the term determining the beatnote for the IPI experiments.
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Experimental Implementation of
the Two-Level Analogy

3.1

Introduction

Several lasers can be used to test the theory presented in Chapter 2. The laser systems differ by the gain and loss media parameters and can display different transient
dynamics. A mode-locked ring Ti:Sapphire was used to demonstrate the experiments. The electronics were one of the primary challenges to establish the initial
condition. For a two-level system, the initial condition has the following set-up: the
lower level is fully populated and the upper level empty. The laser’s energy travels
in one direction and the laser is operating uni-directional. Ways to establish a preferential rotation state in the ring laser are proposed in Section 3.2. The electronics
used to establish the initial condition are described in 3.3. Finally, the experimental
demonstration of the two-level analogy is presented.
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3.2

Initial Condition

In order to observe Rabi cycling, the system should be initially in a “ground state,”
where the intensity of one of the pulses dominate. Several methods are possible to
achieve this goal:
1. Inserting a non-directional coupling in the cavity
2. Using a directional gain that can be controlled externally
3. Coupling from one direction to the other outside of the cavity; by feeding the
pulse back into the one direction, in time and space, the other direction is
extinguished

3.2.1

Non Directional Coupling

Non-directional coupling was not used for the experiment, but is included to discuss
all the possible set-ups for the initial condition. Non-directional coupling can be
achieved with a combination of thin (compared to the wavelength) dielectric or gain
(absorbing) layers [21]. Equation 2.5 gives an expression for the reflection coefficient
of a dielectric thin layer. In the case of a gain layer, as in an optically pumped
quantum well, β − ib, where b is a real number, and the expressing for the complex
reflection coefficient of the gain layer is

ξ˜g =

b
1−b

(3.1)

A combination of a gain (L) and dielectric layer (R), an eighth of wavelength apart
(total propagation exp(−ikz) = exp(−iπ/2) = −i), will have a different reflection
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coefficient when irradiated from the left (R̃L ) or from the right (R̃R :
rd
− ξg ) ≈ 0
i
rd
R̃R ≈ ξg + .
i

R̃L ≈ i(

(3.2)

Since the gain layer is providing energy to the light field, the coupling is not conservative. This type of non-reciprocal coupling provides the ideal initial condition, if
the coupling can be applied as a step function. A structure with a single gain layer
cannot have sufficient gain for laser operation. Instead a MQW structure with 19
gain layers and 4 dielectric layers was designed and tested in ring lasers [22, 21]. Both
unidirectional and quasi-unidirectional (depending on the pump power) operations
were demonstrated. Because of the large number of layers, this structure has a too
narrow bandwidth (1 nm) to be used with ultrashort pulses

3.2.2

Directional Gain and Faraday Rotation

In a synchronously pumped OPO, the gain travels with the pump pulse. By inserting
the ring laser’s OPO crystal in a linear pump cavity, two counter-circulating pulses
are created (one at each passage of the pump) [23]. The relative intensity of the
pump pulse determines the relative intensity of the circulating signal pulses. The
OPO is an interesting system in relation to this analogy, because there is no coupling
between the circulating pulses introduced by the gain. The linear cavity presented
in Chapter 5 can also be used for such an experiment.
Another approach to unidirectionality is directional losses such as can be introduced
by a Faraday rotator. The Faraday rotation can be seen as the analogue of fluorescence decay, which transfers energy from the upper level to the lower level while
conserving the total population. In the laser, the saturation properties of the gain
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medium cause an approximate conservation of the population.

3.2.3

External Feedback

External feedback is the approach used in this experiment. In order to define the
initial condition, the output pulse from one direction is extracted, and feedback
(<1%) with a mirror, after appropriate optical delay, is reflected into the opposite
direction. By using a fast switch (turn-off time of less than the cavity round-trip
time of 10 ns) at the Pockels cell, the coupling is turned off to let the fields in the
cavity evolve.

3.3
3.3.1

Electronics
Avalanche Transistor Circuit

One of the experiment’s challenges was to apply the quarter wave voltage on the
Pockels cell in less than a round trip. For Q-Switching or amplifiers, a transistor
bank is standardly used to achieve the fast switching time required. The avalanche
break down mechanism is used to get fall or rise times less then 10 ns. The avalanche
breakdown is achieved by carefully choosing the amount of transistors in a series. The
total voltage applied, divided by the amount of transistors is just above the break
down voltage of each transistor individually. Then, a switching signal is applied to
one of the transistors. The voltage on each transistor exceeds the break down voltage
and the avalanche effect occurs. Typical voltages needed for a quarter wave voltage
are between 1.5 and 3 kV depending on the material and size of the crystal. In figure
3.1 the circuit schematic is shown.
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Figure 3.1: The schematic of the avalanche transistor circuit

A typical switching signal is displayed in Figure 3.2 and 3.2. However, the problem begins from the very slow rise time after the switching occurred. The capacitors
slowly recharge and the desired voltage level (in this case 0V) is only achieved for a
short amount of time (less then a few microseconds). Experimenting with several different capacitor values did not extend the recharging time significantly to the needed
time constant (several milliseconds). Since the intensity oscillation was expected to
be in milliseconds, another approach needed to be pursued.

3.3.2

Mercury switch

Another suitable switch for the experiment is a mercury switch. The basic principle
is applying a small switching voltage and moving a mercury bubble to connect two
wires. Mercury is an almost perfect conductor with negligible resistance. The mercury switch’s advantage, compared to the avalanche transistor circuit, is the switch
can be on or off for as long as the switching voltage is applied or turned off. However,
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Figure 3.2: The fall time (switching time) is less then 10ns

Figure 3.3: The rise time could not be hold constant for more then about 5ms.

the fast, commercial available mercury switches can only be used for a voltage level
of several hundred of volts. Hence, a low voltage modulator was purchased to accommodate the voltage level where the quarter wave voltage is approximately 300V.
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In figure 3.4 the layout of the circuit board and in 3.5 a typical switching behavior
is shown.

Figure 3.4: A simple schematic of the mercury switch is shown.

Figure 3.5: Switching behavior of the mercury switch for approximately 300V. A
square pulse was applied to the switch.

A square pulse, provided by a Berkeley nucleonics corporation function generator
with an amplitude of 12V, is applied with a pulse width of several milliseconds. The
fall time is in the desired region of less than 10ns as shown in figure 3.6. The desired
voltage level can be achieved for as long as the switch pulse is applied as needed
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Figure 3.6: Switching behavior of the mercury switch for approximately 300V. The
fall time is indicated to be less then 10ns.

for the experiment. The rise time is much longer in the order of a few milliseconds
(Figure 3.6) but has no effect on the experiment since the desired voltage level of
zero Volts can be maintained for a lengthy period.

3.4

Experimental Demonstration of the TwoLevel Analogy

3.4.1

The Laser

The analogy can be tested with a variety of laser systems, which will differ by the
gain and loss media parameters. In the synchronously pumped OPO, the gain is a
few percent and the mutual saturation parameter is zero. In the ring Ti:sapphire
laser chosen for this demonstration, the gain balances the losses for a coefficient α of
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approximately 0.08.
The experimental system is a ring Ti:sapphire-laser (Pump power= 5W, 8% loss per
round-trip in a 3.1 m cavity with four prisms [24]) mode-locked with a dye jet as a
saturable absorber, resulting in 30 ps pulses at 800 nm. The following analogies can
be tested:
1. Rabi cycling of the population difference
2. For the resonant case ( ∆ω = 0), the Rabi frequency is proportional to the
“driving force” that is the backscattering coefficient |r̃|,
3. The Rabi cycling for the population difference (ρ22 − ρ11 ) and the off diagonal
element ρ21 are 90o out of phase

4. Existence of a longitudinal and transverse relaxation time
5. For the off resonant case, the Rabi cycling is at the following frequency
p
∆ω 2 + (| r̃ | /τRT )2 .

3.4.2

Rabi Cycling on Resonance

In the measurements that follow, the system is “at resonance”; i.e. ∆ω = 0). An
example of “Rabi cycling” is shown in Fig. 3.7. The counterclockwise intensity (ρ22 )
is plotted as a function of time [Fig. 3.7 ]. The clockwise intensity ρ11 (not shown)
is complementary. The system is prepared so that the ρ11 is initially populated (ρ11
= 0.8, ρ22 = 0.2). As the feedback that creates the initial state is switched off at
t = 1 ms, there is a fast (approximately 10 µs) transient. This rise time reflects
combined dynamics of the gain and cavity, as the laser adapts to the different (now
symmetrical) cavity losses. This rise time corresponds roughly to the fluorescence
lifetime of the upper state of Ti:sapphire. The “Rabi cycling of the “population
difference” ρ22 − ρ11 is plotted in Fig. 3.8.
23

Chapter 3. Experimental Implementation of the Two-Level Analogy

Figure 3.7: The evolution of the intensity in the counterclockwise direction is shown
after switching the Pockels’ cell. The intensity at clockwise direction is 180o out of
phase with this graph, with population dropping from the maximum initial value.
The fast initial transient reflects the gain and cavity dynamics associated with the
sudden change in cavity loss at the switching time. Thereafter, a slow oscillation due
to population transfer or Rabi oscillation between two directions is observed.

The beanote frequency can also be recorded (off-diagonal element |ρ12 |) as sketched in Fig. 2.1(a). From the Bloch vector model of Feynman, Hellwarth and Vernon [11], the oscillation of the diagonal elements and the off-diagonal element are
90o out of phase. This property can be seen in Fig. 3.9.
The Rabi frequency |r̃|/τRT can be varied by changing the position of the scattering surface, as shown in Fig. 3.10. The maximum value measured [24] for this
interface corresponds to a backscattering coefficient of |r̃| ≈ 1 · 10−6 . Note that the
Rabi frequency provides a direct measurement of very minute backscattering coefficients, without the need to trace a complete gyroscopic response as in Refs. [24, 25].
In the case of a two-level system, the phenomenological “longitudinal” and “transverse” relaxation times have been identified as energy relaxation time (fluorescence
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Figure 3.8: Population difference showing the Rabi cycling.

Figure 3.9: Comparison of the oscillation of the population difference ρ22 − ρ11 and
the off-diagonal element (beat note) ρ12 .
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Figure 3.10: Rabi frequency as a function of position of the glass at the meeting
point of the two directions. Translation of the glass-air interface along the beam
result in different values of coupling r̃.

decay) and phase relaxation time (due for instance to atomic collisions). Figure 3.11
shows a measurement of the decay of the Rabi oscillation for the diagonal and offdiagonal elements. The decay is measured by fitting the Fourier transform of the
measurement to a Lorentzian, and measuring its FWHM. The values are 27 and
30 Hz shown in Fig. 3.12.

As noted previously, there are at least two origins to

the off diagonal element decay: mirror vibration and coupling through absorption
(gain). The latter affects equally the diagonal and off-diagonal elements. The former can be seen as a type of “inhomogeneous broadening”, since the origin is in
random cavity length fluctuation, expressed as randomness in the value of ∆ω. The
approximately 30 Hz bandwidth of both decays is consistent with 0.3 µm amplitude
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Figure 3.11: Measurement of the decay of the Rabi oscillations in W and ρ21 .

vibrations at 100 Hz of cavity components, causing differential cavity fluctuations of
0.3 pm/round-trip.
If the radiation of amplitude E (Rabi frequency κE) is off-resonance with a
√
two-level system by an amount ∆ω, the Rabi frequency becomes κ2 E 2 + ∆ω 2 .
For the ring laser, the off-resonance amount ∆ω can be controlled with a Pockel’s
cell (Fig. 2.1), the initial condition is set favorable to the counter-clockwise direction as shown in Fig. 3.7. The Rabi cycling is measured indeed to correspond to
p
|r̃|2 /τ 2 + ∆2 . In resonance case ∆ω = 0), measurement of ρ12 leads to r/τRT =
138 Hz ± 15 Hz. With ∆ω of 171 Hz ± 12 Hz, the off resonant measurement is

r/τRT = 237 Hz ± 21 Hz, which behaves as a two-level system off-resonance.
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Figure 3.12: The Fourier transformations of the relative decay measurements are
shown. a: off-diagonal elements, b: diagonal elements

The analogy presented here reveals previously unexplained observations on a
Kerr-lens mode-locked ring laser [26]. Rather than being bidirectional, the operation
was observed to switch direction at rates (tens of Hz) that did not seem to correspond
to any cavity parameter. The slow switching rate might be due to similar “Rabi
cycling”, caused by the scattering coefficient of the gain crystal, which is where the
pulses meet in the case of pure Kerr-lens mode-locking.
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3.5

Summary

The analogy between a two–level system and a bidirectional mode-locked ring laser
have been demonstrated analytically and experimentally. In the latter, the two
“quantum states” |1i and |2i are the sense of circulation of the ring beams. The
short pulses makes it possible to apply purely conservative coupling between the
counter circulating pulses. Resonant interaction between a step-function resonant
electromagnetic field and the two-level system leads to Rabi oscillation between the
population of the upper and lower states. Similarly, Rabi oscillation have been observed between the population of the “upper” (Ẽ2 Ẽ2∗ ) and “lower” (Ẽ1 Ẽ1∗ ) states of
the ring laser. The same density-matrix equation that describes the evolution of the
two-level system apply to the ring laser, where the diagonal elements represent the
intensity of the counter circulating pulses, and the off-diagonal element the interference of the two beams Ẽ1 Ẽ2∗ that is recorded on a detector. The Rabi oscillations of
the off-diagonal element are 90o out of phase with those of the population difference.
The interaction can be made off-resonance. The Rabi oscillation frequency increases
as expected, as the interaction is detuned from resonance. The Rabi oscillations decay with a time constant that appears to be associated with a mechanical vibrations
of the laser support.
The development of new sensors is the analogy’s impact. Most spectroscopic techniques involve some measurement of |ρ12 |, as a function of the driving field (measurement of the Rabi frequency κE leading to the determination of the dipole moment)
or detuning ∆ω. The dependence of the spectrum of |ρ12 | on scattering in the ring
laser is a very sensitive measurement of the backscattering coefficient |r̃|2 = (Rabi

frequency)×τRT )2 (as small as 0.25 · 10−12 in the lower data point of Fig. 3.10). The
quantity ∆ω in the ring laser is an intracavity conversion of a minute phase difference
between the two circulating pulses, and results in a modulation observed on ρ12 . Any
resolution enhancing technique that has been devised in spectroscopy, such as Ram-
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sey fringes [10, 9], could be transposed to a laser phase sensor with two intracavity
pulses. Pulsed coupling r̃ could be applied (for instance by using a rotating disk), to
perform measurements within the beat note bandwidth.
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Chapter 4
Theory of Intracavity Phase
Interferometry (IPI)

4.1

Introduction

IPI is a very potent tool to measure minute phase shifts. In comparison to extracavity interferometry, IPI uses the unique attribute of mode-locked lasers that converts a phase shift into a frequency shift. Conventional interferometry, e.g. by
Michelson Interferometer, measures a change in amplitude for phaseshift, however,
the accompanyig amplitude noise is a limiting factor to taking sensitive measurements. Nevertheless, it is a very powerful tool in our modern society. For example,
the Laser Interferometer Gravitational Wave Observatory (LIGO) project pushes
the sensitivity to the classical limits by employing several enhancement techniques,
as well as very good vibration control, and placing the interferometer in vacuum,
using Fabry-Perot- cavities for enhancement and almost perfect optics. For further LIGO improvements, quantum mechanical approaches are also discussed, e.g
squeezed states to finally reach the sensitivity to detect gravitational waves. How-
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ever, these advanced sensitivity measurements cost multi-billions of dollars and are
not very useful for a table top experiment. Using IPI, standard Michelson interferometer limits can be surpassed without using any active stabilization methods. Instead,
a free running mode-locked laser cavity is used to get more precise sensitivity measurements. This chapter discusses how the Michelson Interferometer operates, gives
an overview of how IPI converts a phaseshift into frequency, how the carrier to envelope offset is used in the IPI experiments, and how two pulse trains with the same
repetition rate are created to convert the phaseshift into a frequency.

4.2

Michelson Interferometer

This section is a quick review of the Michelson Interferometer and its limits. The
experimental setup consists of one, a light source (usually a laser), two, a beam
splitter to separate the beam into two arms, and three the end mirrors to retroreflect the beams, which are overlapped at the output port of the beam splitter and
sent to a detector. By displacing one of the end mirrors in one arm, the difference in
path length ∆x results in a phase shift ∆ϕ of one of the beams in regard to the other
by ∆ϕ= k ∆x, where k is the wave vector . Therefore the interference intensity is
changed and detected.

For a setup with a perfect beam 50:50 beam splitter and 100% reflectivity mirrors
in both arms, the phaseshift dependent intensity can be written by the following
equation:
I=

I0
(2 + 2 cos(∆ϕ))
4

(4.1)

The Michelson interferometer has two operation regions, including working in the
dark fringe region. This means, no light reaches the detector. A very sensitive
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Figure 4.1: Sketch of a Michelson Interferometer setup

detector can be used to see a change from the single photon level to the saturation
level. Also, in the dark fringe, by increasing the power, the sensitivity is increased
significantly since almost no light is reaching the detector. The disadvantage is the
non-linear response of the system in the dark fringe region.
If a linear response is required, the preferred method to extract data, the maximum slope regime is needed, where the cosine is approximatly a linear function.
However, the trade-off to working in a linear response is the finite intensity reaching
the detector and the possibility of saturation which limits the sensitivity of the system.
In comparision, the advantage of IPI over Michelson interferometer, is its linear response (where no dead band is present) but the saturation of the detector is not
limiting since a frequency is measured instead of a change in intensity. Therefore,
IPI will display a good sensitivity while still allowing for a large measurement range.
Another operation mode of the Michelson interferometer, is to slightly tilt one
of the end mirrors as shown in figure 4.3. The tilting result in a vertical fringe
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Figure 4.2: The two differet regions where a Michelson Interferometer can operated
at. The red line indicates the linear response.

pattern that can be recorded with a vertical detector array. A phase shift can be
introduced in either arm, resulting in a change of the vertical fringe spacing. The
grating structure of the detector array combined with the optical fringes will display
a Moire pattern as illustrated in figure 4.4. The moire structure displays a spatial
variation with the wavelength λm ∝ 2 d2 /∆ϕ, where d is the distance between two
detector arrays and ∆ϕ the introduced phase shift.
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Figure 4.3: Experimental setup to record the moire pattern produced by the fringes
of the light in combination with a detector array.

Figure 4.4: Combining the fringe pattern due to a slight misalignment of one mirror
in combination with the phaseshift to be measured and the detector array pattern
result in a Moire pattern.

4.3

Mode-locked lasers and Carrier-to-Envelope
Offset

The IPI mode-locked laser uses the phaseshift of the carrier wave underneath the
pulse envelope to convert the phaseshift into a frequency. Measuring the frequency
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with IPI instead of the amplitude measurement of the standard interferometer elimiates amplitude noise and increases dynamic range without sacrificing sensitivity.
This section discusses how mode-locked lasers convert a phasashift into a frequency
through the carrier envelope offset.

Mode-locked lasers produce a continuous train of equivalent pulses separated by
the roundtrip time of the cavity τRT . These pulses are defined by their envelope E(t),
of width τp , center frequency ω0 and carrier to envelope phase ϕm . Two consecutive
pulses have the same envelope, but may have a different phase. This can be expressed
with ϕm = ϕ0 + m∆ϕm where ϕ0 is the constant carrier to envelope phase (CEP)
for reference pulse with m=0. To better illustrate it, the situation is sketched in fig
4.5.

Figure 4.5: Two conscutive pulses with the envelope and the carrier field.

In the time domain a pulse train can be described in following manner [27]:
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Etrain = E(t − τRT )e−i(ω0 (t−τRT )+ϕ1 ) + E(t − 2τRT )e−i(ω0 (t−2τRT )+ϕ2 )
+E(t − 3τRT )e−i(ω0 (t−3τRT )+ϕ3 ) .... + c.c
X
= e−iω0 t−iϕ0
E(t − mτRT )e−iω0 mτRT −iϕm ) + c.c.

(4.2)

m

This is an infinite sum of individual pulses, starting from -∞ to ∞. The phase
shift from pulse to pulse is due to the difference in group and phase velocity. This
difference adds a phase shift ∆ϕ to every consecutive pulse. There are also a large
number of optical cycles between two consecutive pulses, ω0 τRT can be written as
ω0 τRT = 2N π + ∆ϕ and set e2N πi =1. The phase of the mth pulse is thus m∆ϕ.
Combining it with the mathematical fact that any periodic function can be expressed
as a convolution between a sum of delta functions and a non periodic function, Eq.
4.2 can be rewritten as a convolution between a pulse envelope and comb of delta
function:

Etrain = (E(t)e−iω0 t−iϕ0 ) ?

X
m

e−im∆ϕ δ(t − mτRT )

(4.3)

Even though the equation is mathematically correct, it is hard to make a physical
connection between the train of δ-functions and the phase factor eimϕ . The Fourier
transformation of Eq. 4.3, according to the convolution theorem, is the product of
each individual Fourier transformation:
X
E(Ω) = F (E(t)e−iωo t )F (
e−im∆ϕ δ(t − mτRT )) =
m

= E(Ω − ω0 )

1 X

τRT

n

2πn ∆ϕ
δ(Ω −
−
)
τRT
τRT

(4.4)

In the frequency picture, an infinite train of pulses will lead to series of δ function
that are equally spaced by

1
τRT

. The pulse shape described by E(t) will define the
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shape of the comb and is centered around the frequency ω0 . The constant phase shift
from pulse to pulse leads to a shift of the comb itself. This can be seen by writing
the frequency of the mth comb:
Ωn =

2πn ∆ϕ
+
τRT
τRT

(4.5)

If no phase shift is present, ∆ϕ=0, the 0th comb tooth coincides with the origin.
However, if the phase shift is present the first tooth of the comb has a finite value
different then 0. This is called the Carrier-to-Envelope offset (CEO) frequency, fCEO .
The CEP of one pulse does not have to be zero but rather can have any value. The
CEO only describes the phase shift from one pulse to the next one.

νq = fq + fCEO

(4.6)

where ν=ω/2π is the optical frequency.

Figure 4.6: Frequency picture of an infinite pulse train with a pulse to pulse phase
shift resulting in the carrier-to-envelope offset CEO.

Defining a CEP phase has some ambiguity since phase is always defined with
a reference. For ultra-short pulses, a zero CEP pulse is required for some applications. The zero CEP is where the carrier wave oscillation is maximum and is aligned
with the envelope peak. The perfect frequency comb, meaning fCEO =0, does not
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necessarily have a zero CEP. Only the change in CEP from pulse to pulse is the important factor to consider for stabilization schemes. However, for certain nonlinear
phenomena especially higher odd orders, the CEP needs to be taken into account
and addressed.
For this calculation, a infinite pulse train starting from -∞ to ∞ was assumed. More
physical and realistic pulse trains have a finite starting point, mostly at t=0, and
a normal experiment, a certain sampling time of t=T. The Fourier transform of a
PT /2
finite Dirac-comb m=−T /2 δ(ωt − mπ) is a finite sum over cosine- functions in the
PT /2
form of 1 + m=−T /2 cos(2πΩm) The result differs such that the δ-functions of the
frequency comb will have a finite width with ∆ν ∝

1
.
T

This is sketched in fig. 4.7.

In the limit where T is approaching ∞, the width becomes a δ-function.

Figure 4.7: The frequency picture of a physical pulse train.

39

Chapter 4. Theory of Intracavity Phase Interferometry (IPI)

4.4

IPI and CEO

For IPI, we are using the CEO to convert a phase shift into a frequency measurement.
This is the major difference between IPI and a standard extra-cavity interferometer
where a phase shift is converted into an intensity change. Two pulse trains with the
same round trip time τrt have the same frequency spacing. However, a difference in
the CEO can be detected by overlapping the two pulse trains on a detector. This
results in a beatnote between the two pulse trains
∆ν =

fCEO,1 − ∆fCEO,2
∆ϕ
=
2πτRT
2πτRT

(4.7)

Frequency combs have mandatory equal spacing and each comb line contributes
to the overall signal and gives a very good signal strength with large signal visibility.
Also, since the conversion is from phase into frequency, the whole measurement is
mostly independent of amplitude fluctuations and does not require a cumbersome
stabilization scheme. Exceptions to the rule are the non-linear refractive index measurements where the experiment relies on the difference in intensities between the
two pulse trains. The experimental data suggests that even with an unstable cavity
the intensity fluctuations have only second order impact on the measurement.
Looking at the signal in the time domain, the two pulses with the different phases
overlap on the detector. Due to the different phase shift every round trip between
the two pulses, the interference between the two pulses is periodically modulated.
Superficially, the IPI seems independent of intensity fluctuations with the above
time domain picture. As mentioned above, from the experimental data e.g. the
beatnote bandwidth shows good performance even with an unstable cavity. Good
performance is observed even with the OPO where large amplitude fluctuations were
observed. However a detailed analysis is difficult because the pulse to pulse fluctuations are fairly small and most of the behavior is observed over larger timescales.
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Figure 4.8: Two frequency combs with the same repetition rate but different CEO
will result in a beatnote where every comb line is contributing to the signal

4.5

Creating Two Pulse Trains With The Same
Repetition Rate

To overlap the two pulses with the different phases on the detector, the experiment
created two-pulse trains with the same repetition rate inside the same cavity. The
main obstacle for this method is creating two pulse trains with an identical repetition rate. Creating the same pulse trains from two different lasers is complex because
building control electronics are difficult for the two separate cavities. Instead, one
laser cavity is more feasible, which is standardly used for the IPI setup. The first
demonstration of the IPI was done by Lai et al[7] with a dye laser mode-locked with
a dye jet saturable absorber. The next implementation was a ring Ti:Sapphire laser
system, mode-locked with a saturable absorber dye jet [26]
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Figure 4.9: In time domain, the phase difference between the two pulse trains causes
interference which is detected with the detector.

Two pulse trains in the same cavity, although more efficient than using multiple cavities, however, have a limitation: mutual injection locking. Mutual injection locking
is also commonly observed in CW lasers. This is a well-known effect and limits the
performance of HeNe-laser gyroscopes which use ring cavities. Any backscattering or
reflections lock the frequency and the phase of these two pulse trains. This creates
a dead band where no signal or frequency shift is detected, when a differential phase
shift δϕ is imposed, as shown in Fig. 4.10.
IPI mode-locked system offers advantages over CW lasers. For CW lasers, this
backscattering happens at every interface or optical medium ubiquitously in the cavity. As a result, the laser system must be driven far away from the locking region
limiting the dynamic range of the whole measurement. An advantage of the IPI
mode-locked system, with two pulses propagating in the cavity is avoiding the in-
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Figure 4.10: Locking between the two pulses occur for a certain phase shift region,
called the deadband.

jection locking because the crossing points are controlled. For a mode-locked ring
cavity, there are always two crossing points inside the cavity. IPI, by contrast, has
both ring and linear cavities. In a linear cavity these two crossing points can be
merged, if they occur in the middle of the resonator. The mutual injection locking
occurs only if optics are placed at the crossing points.

The two pulse trains are independent even though they originate from the same
laser cavity and the time-space separation enables one to distinguish them to perform the phase measurements. Creating these two independent pulse trains is quite
challenging. In the following paragraph, the use of a ring cavity is discussed to create
the two pulses. However the concepts apply equally to a linear mode-locked cavity.
The Kerr-lens mode-locking (KLM) would be the preferred mechanism to create the
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two pulses since KLM produces the shortest pulse width. However in a ring cavity
KLM tends to be uni-directional and does not produce two counter propagating independent pulse trains [26, 28]. KLM method produces a uni-directional pulse train
because of the laser dynamics. Material with a nonlinear refractive index n2 and
the spatial intensity distribution across the pulse creates a lensing effect. The effect
will change the beam size significantly in some places compared to the linear, non
mode-locked condition. Using an aperture where a smaller beam size is expected
for the KLM case will force the laser to lase in the lower loss situation. Due to the
difference in intensity of the two counter propagating pulse trains and the nonlinear
nature of the effect, there can be a significant difference in beam size and therefore
favoring one direction compared to the other one and only uni-directional operation
is observable.
To force the laser to be bidirectional, an amplitude coupling mechanism is needed.
Therefore, a saturable absorber is the favorable mode-lock mechanism. The method
has been discussed by several publications already in detail [29, 30]. In short, if
the two pulses cross inside a saturable absorber, where mutual saturation exceeds
self-saturation, the loss of the cavity is decreased and therefore more favorable for
lasing. The problem, however, is that a saturable absorber is a optical medium that
scatters and can cause the locking effect. A moving dye jet used as a saturable absorber can be used to mitigate the problem. The phase of the backscattered light
every round trip is randomized due to the moving particles. Taking the average
over several round trips, the backscattering contribution averages out to zero and no
locking is observed. This has been demonstrated experimentally by Lai et al[7]. The
cavity was carefully designed with no optical elements at the second crossing point of
the two pulses. Two measurements were performed; the Sagnac effect or gyroscopic
response of the cavity and the Fresnel drag. A beatnote bandwidth of 100Hz was
measured. A different approach besides mode-locked laser systems is optical parametric oscillation, synchronously pumped by a pulse train. This has been shown
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first by Meng et al [23] with a bidirectionally, externally pumped OPO and followed
with an bidirectionally intracavity pumped OPO. Discussion about the OPO is in
Chapter 5.

Figure 4.11: (a) The schematic of the ordinary ring laser mode-locked with a dye jet.
As gain medium either dye or solid state materials can be used. The phase shift is
applied with the help of an electric optical modulator. (b) Intracavity pumped OPO
pumped with a mutliple quantum well (MQW) mode-locked pump laser.

The previously described free running, unstabilized lasers have a good performance record because most noise contributions result in a common-mode noise,
meaning both pulses are affected the same way. To improve the noise characteristics
of a signal, common-mode noise can be suppressed by a differential measurement,
like IPI. IPI measures the difference between the two frequency combs resulting in a
beatnote measurement. Any noise with a time constant larger than the round-trip
time that will affect both pulses equally, does not broaden the beatnote bandwidth.
A very narrow beatnote bandwidth of 1Hz has been observed experimentally with
a Ti:Sapphire lasers described above [26]. The measured linewidth of 1Hz is due to
noise coming from a differential phase shift acquired by the two pulses rather then
the common-mode noise. Several mechanisms result in a differential phase shift.
One mechanism is mechanical vibrations of the optical elements in the cavity. The
pulses hit the elements at different times resulting in a different phase shift due to
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the differential Doppler shift. In a ring cavity, Fresnel drag is another example of a
mechanism resulting in a differential phase shift where the refractive index is different for the beam traveling with or against an air current. A more detailed discussion
about noise contributions affecting the line width of the beatnote and the limit of
IPI can be found in Chapter 7.

4.6

Group and phase velocity

The CEO frequency of the pulse train is due to the difference of group vg and phase
velocity vph = c/n inside the cavity. These two velocities are not independent of each
other and are related through the following equation:
vg = vph − λ

∂vph
∂n −1
= c(n − λ
)
∂λ
d∂λ

(4.8)

A change in refractive index is not only affecting the phase velocity but also the
group velocity. IPI measurements are all based on a differential change in refractive
index for the two pulses inside the cavity. Therefore, there will also be a change in
group velocity, resulting in a different round trip time for the two pulses. However
the repetition rate of both pulses stays the same as discussed in Chapter 4.5. For
the OPO, the repetition rate is determined by the pump pulse. In the case of a
saturable absorber mode-locked Ti:Sapphire laser, the mutual saturation forces both
pulses to have the same repetition rate. In the OPO some mechanism should should
correct change in group velocity. The mechanism is a slightl shift in frequency
envelope resulting in a change in center frequency ω0 of the two pulses. However
the position of the comb lines and separation stays unchanged (see Fig. 4.12). The
beatnote frequency measured in an IPI measurement is not affected. Only the signal
strength is altered since the overlap of the two combs is reduced. The reduction in
signal strength is similar to a change in fringe visibility in standard interferometric
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Figure 4.12: The effect of different group velocities on the two frequency combs is
shown. The result is a shift of the two envelopes to a center frequency of ω01 and
ω02 for pulse train 1 and pulse train 2 , while the comb lines and spacing between is
unchanged. For the IPI measurement, the beatnote is not altered. Only the overlap
of the two comb structures is changed reducing the signal strength similar to reducing
the fringe visibility in normal interferometric measurements.

measurements. A similar spectral split of two circulating pulses has been obeserved
in a Ti:sapphire laser, KL mode-locked by a ZnS crystal [31]

4.7

Summary

This chapter sets the framework for IPI: the CEO of a mode-locked pulse train is
used to convert a minute phase shift into a frequency signal. Two-pulse-per-cavity
lasers are needed to implement IPI. Previous work shows already a pristine sensitivity
for unstabilized laser systems. Applications range from measurements of rotation,
non-linear refractive index, backscattering, magnetic field, Fresnel drag, acceleration,
electro-optical coefficients and many more. In principle, any differential or directional
phase shift can be measured.
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Chapter 5
OPO as a Tool for IPI

5.1

Introduction

A synchronously pumped OPO is a great tool for IPI. One of its advantages is that
no gain coupling is present between the two pulses inside the cavity since gain is
only available during the time the pump pulse is present inside the nonlinear crystal.
OPOs can operate at a large variety of wavelengths and have a precise tuning capability. Also, stabilization schemes are much easier to implement. The repetition rate
of the pump laser and the wavelengths can be stabilized by implementing a feedback
loop for the pump and OPO cavity lengths.

Externally pumped OPO An initial approach was to pump an OPO external
to the pump cavity, splitting the output of the pump laser in two beams which are
sent in opposite directions to a periodically poled LiNbO3 (PPLN) inside a “signal
cavity” [32]. This approach has not given the expected resolution, because nm fluctuations of the pump spot resulted in beat note instabilities and beat note bandwidth
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of the order of tens of kHz.

Intracavity Pumped OPO A solution proposed and implemented [23] is an intracavity pumped OPO, where a periodically poled LiNbO3 (PPLN) is common to
the pump laser and signal cavities. Two pulses are generated in the signal cavity
because the pump pulse makes two passages through the PPLN. There is no fluctuation of pump spot position, since both pulses share the same spatial mode of the
laser cavity. The crossing point (where scattering might occur) of the two pulses is
determined by the position of the PPLN in the pump cavity. This type of laser is
extremely difficult to align, and to operate in a stable bi-directional mode. It has
been shown that the nonlinear gain of the OPO couples the pump and signal cavity.
The coupling enhances the q-switching tendency of the pump cavity. Another effect
is that mainly only one pulse is present in the OPO cavity even though the two
counter propagating pulses should generate the two independent pulses in the OPO.
A suggested solution would place a nonlinear loss that depends on the intensity of
the signal pulse inside the OPO cavity. This stabilizes both the signal and pump
cavity and stable operation can be observed. This might be the reason why Meng
et al[23] were able to do a measurement. Due to tight focusing inside the LiNbO3 ,
enough second harmonic (nonlinear loss) was generated by the signal pulse to enable
the measurement. Recent efforts for this dissertation to reproduce an intra cavity
pumped OPO has not been successful yet. Trying to put a second nonlinear crystal
inside the OPO cavity is a difficult alignment task as well as trying to achieve the
1% conversion that is needed for stabilization.

Pump Sources for OPO The main source of instability for the intracavity pumped
OPO is the memory effect in the pump laser gain due to the long lifetime of the gain
medium, especially for the Ti:Sapphire. Semiconductor lasers have a much shorter
upper state relaxation time in the order of nanoseconds which prevents Q-switching
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instabilities. The short lifetime, combined with the good availability and low cost are
the main motivation for investigating semiconductor lasers as a OPO pump source.
Two lasers are presented in the dissertation: the tapered amplifier (TA) and the
optically pumped-external-cavity surface-emitting semiconductor laser (VECSEL).

5.2
5.2.1

Two pulse, external cavity OPO cavity
General

A considerably simpler and more effective method, than the methods discussed in
the introduction, is pumping the OPO directly at the output of a Ti:sapphire modelocked laser; the Ti:sapphire laser has half the length of the OPO cavity. The crossing
point of the two pulses is in the middle of the OPO cavity, where there is no optical
element that could couple both beams. There is no gain competition, and no coupling
through pump depletion in this extracavity scheme.
The pump laser in the experiment is a Ti:Sapphire laser, mode-locked with a
multiple quantum well as saturable absorber. In the Ti:sapphire laser, a birefringent
filter is inserted for wavelength tuning. The output coupler (OC) is 8%. The laser’s
output power is 400mW at 790nm with 1.6ps pulsewidth and a repetition rate of
180MHz. The OPO crystal is a 3cm long, AR coated periodically poled LiNbO3
(PPLN) with a periodicity of 20.36um. An optical isolator was not used to avoid
the back reflection from the front surface of the OPO. This is more an issue for
short crystals where the surface is close to the focus and therefore acting like a cat
eye configuration which retro-reflects back into itself. For the long 3cm PPLN, the
surface is far enough from the focus point and the reflection then diverges enough
not to couple to the pump cavity which would destroy the mode-locking. The phase
difference ∆ϕ is applied by a thin (≈ 1mm) LiNbO3 electro-optical phase modulator
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(EOM). A pellicle beam-splitter is used as an output coupler of about 1% output
coupling.

Figure 5.1: Pump and signal cavities. The modulator is driven with the appropriate
phase by the repetition rate signal from the pump cavity divided by 2. The beat
note signal is detected by overlapping the two outputs of the pellicle beam-splitter
(BS) with the right delay.

The output is then sent to a delay line and a detector. The delay is adjusted
so the two counter propagating pulses are overlapping at the detector. The driving
circuit of the EOM takes the repetition rate signal from the pump cavity, divides
it by two, converts from an ECL to a TTL signal, and sent to a electronic delay
line. The delay is adjusted so that the independent pulses will always see either the
maximum or minimum of the square signal and avoiding the edges of the square
pulse (setting that provides the largest beat note signal). The maximum peak to
peak voltage is 2.3V. Fig. 5.2 shows one example beat note.
Taking the Fourier transformation of the signal reveals a bandwidth of 1Hz (see
Fig. 5.3). Because of such a narrow beat note bandwidth, it is possible to resolve
changes in phase ∆ϕ <(1 Hz)×2πτRT ≈ 5 · 10−8 rad.
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Figure 5.2: Typical beat note signal recorded with a oscilloscope.

The linearity of the beat note response with respect to the phase (proportional
to the voltage applied to the modulator) is verified in Fig. 5.4. As expected, no dead
band is observed. With the simple relation of

∆ν
ν

=

∆L
L

where ν is the frequency of

light and L the cavity length, the phase resolution is seen to correspond to an optical
path resolution of 0.01pm. Optical elements such as mirrors don’t have a flatness
in picometer. Therefore the optical path resolution of 0.01pm has to be seen as an
average across the wavefront of the laser beam.

5.2.2

Experimental Notes

The OPO is operating close to threshold. By inserting a half wave plate into the pump
beam path before the OPO, an estimate of a pump threshold was about 320mW.
This is close to the maximum power available for pumping the OPO. This explains
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Figure 5.3: Fourier transformation of a beat note signal. The signal is recorded over
the time of 1 s.

several alignment problems encountered in the beginning. The research used several
different crystals. Initially, a Brewster cut, 3mm long crystal was used. Alignment
of this cavity is very hard since an alignment laser is required. Due to dispersion, the
different colors exit the crystal at different angles. So the unphasematched second
harmonic cannot be used to align the cavity. Next, the 3cm long parallel cut crystal
was tried.
Due to the low energy available in the experiment, a telescope was used to expand the
beam before focusing it inside the OPO crystal in order to obtain a shorter and tighter
focal spot. The curvatures of the two mirrors were r=10cm and r=40cm. The second
mirror is used to image the focal point of the smaller curvature mirror in the OPO
crystal. This allows for a tighter focusing and a better nonlinear conversion. Note
that only a fraction of the crystal length is effectively used; the length is determined
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Figure 5.4: The dependence of the beat note frequency on the applied voltage. A
linear dependence is seen as expected. The error bars are included in the graph. Due
to the small bandwidth, these error bars are comparatively small (≈ 1%) and not
visible. With a electro-optic coefficent of 32.2pm/V, the expected slope is 1.1kHz/V
which is close to the measured 1kHz/V.

by either the beam waist or the GVD between the pump and signal, resulting in a
spatial walk-off. The second harmonic of the pump is sufficient to align the cavity in
the case of a parallel face crystal. The OPO cavity must be in a stable configuration
e.g. the distance of the two collimating mirrors is within the stability range. This can
be done by either using an external alignment laser or by carefully monitoring the
spot size of the second harmonic of the pump (blue). The next step is overlapping
the blue beam on itself after one round trip. After this step, the end mirror of the
OPO is moved to match the pump repetition rate (or common multiple of it) and it
should start lasing.
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5.2.3

Nonlinear index measurement

Nonlinear indices n2 are normally measured with the method called Z-scan [33, 34]
The sample to be measured is inserted in a high power focused beam and translated
along the z-axis (propagation axis) around the focal point. The nonlinear index
causes a change in the divergence of the beam which can be measured by a change
of intensity with a detector. It is a simple and successful method.
IPI can also be used to measure n2 . The advantage over the Z-scan is, again, not
measuring a change in intensity but directly measuring the phase shift introduced.
Another advantage of IPI is only a single measurement is required and a scan is not
needed. For this measurement, the setup is modified by the following: the phase
modulator inside the cavity is removed. Instead a Pockels cell is inserted in pump
beam path and driven with the same signal as in the previous experiment, amplified
to 20V. This will alter the polarization of every other pump pulse slightly and changes
the gain for the two OPO pulses, since the phase matching is polarization dependent.
The difference in intensities of the two OPO pulses, I1 and I2 then create a beatnote:
∆ν =

ln2 (I1 − I2 )
λτRT

(5.1)

where l is the length of the sample used.
As a sample, PPLN itself was used for a proof-of principle experiment.
The beatnote bandwidth mostly observed in this experiment was 50Hz, 10 times
larger than in the other experiment. There are two sources for this increased bandwidth: the electronic noise imported by the Pockel’s cell, and the coupling between
amplitude and frequency noise introduced by the nonlinear effect. The beat note
bandwidth translates into an n2 error of ±2.2×10−17 cm2 /W which corresponds to a

phase error of 8.6×10−7 . The uncertainty for an unknown sample placed in the OPO
cavity and to be measured should be twice so ±4.4×10−17 cm2 /W. When a sample
is placed in the cavity, the pulse width of the OPO pulse will be altered due to the
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Figure 5.5: The setup for the n2 measurement: A Pockels cell is inserted between
the pump and OPO cavity. As sample, the PPLN itself is used.

added group velocity dispersion (GVD). The change in pulse width has to be taken
into account for the determination of the intensities in the cavity but do not change
the measurement in itself.

From the slope of figure 5.7, one can extract n2 =1.28×10−16 cm2 /W at the wavelength of 1404nm. Comparing to a previous measured value with the z-scan method
at 1064nm of n2 =1.8×10−16 cm2 /W [33, 34], it is in the same order.
Improving the system should make this a powerful and sensitive tool to measure
n2 . A better calibration of the intensity difference will reduce the error bars in the
x-direction. Also a more stable operation of the pump and the OPO should improve
the beatnote bandwidth and therefore increase the resolution by at least a factor of
10 or 100 if the previous shown bandwidth of 0.17Hz can be reached.
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Figure 5.6: Fourier transformation of the one beatnote signal of 1.5kHz shows a
relative wide bandwidth of 50Hz.

5.3
5.3.1

Intracavity Pumped OPO
General

Attempts have been made to build a ring intracavity OPO before. They were successful in measuring a beatnote, however they were lacking long term stability due to
coupling the pump cavity and OPO cavity [35]. Nevertheless, the harmonic pumping
scheme, or when the OPO cavity is a common multiple of the pump cavity, is also
a possibility for a linear intracavity setup to avoid the instabilities. It also can be
setup as a ring where the two pulses are propagating in the same direction.
The biggest advantage of using an intracavity pumped OPO is access to much more
intracavity pump power. Typical 100MHz mode-locked Ti:Sapphire lasers pumped
by a 5W Nd:YAG laser have output powers between 100mW and 400mW. Larger
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Figure 5.7: The beatnote is measured versus the intensity difference of the two pulses.
This is achieved by varying the peak-to-peak voltage on the Pockels cell. The error
bars for the intensity difference are fairly large and originate from difficulties converting the voltage difference into an intensity difference. This is done by measuring
the output pulse train with a fast detector and a lock-in amplifier where the reference
is the signal applied to the Pockels cell.

powers can be extracted by using a a 10W 532nm laser to pump the Ti:Sapphire.
However this comes with a huge dollar price and a risk of damaging the laser crystal.
In addition, more power extraction did not work. By using a low loss cavity e.g. no
output coupler, several watts inside the cavity can be achieved. This 10-fold increase
in intracavity power makes it possible to achieve a higher power OPO, much further
above the threshold than in the externally pumped case; therefore more losses can
be introduced into the OPO cavity and this ability will be needed when inserting
IPI’s optical elements.
Another consideration has to be taken into account: the back reflection. The back
reflection from a short nonlinear crystal will couple to the cavity and will cause the
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mode-locking to stop. An optical isolator cannot be used inside a linear pump cavity
since the isolator would prevent lasing, a Brewster angle crystal is used in such an
experiment. Like previously stated, the alignment is more difficult because of material dispersion and the different beam paths of the different wavelengths outside of
the crystal. The use of an alignment laser seems to be the easiest method of getting
the OPO to oscillate.

5.3.2

Experiments

Andreas Velten’s thesis [36] also showed the ability to achieve a beatnote measurement with an intracavity OPO.
Velten conudcted two different experiments. The first one used the same crystal
as in 5.2. Since an isolator was not used for the 3cm parallel phase crystal in the
extra cavity OPO to avoid coupling from the back reflection into the main cavity,
the assumption was to use the same crystal inside the pump cavity as well. The
output coupler was removed and a focusing mirror was inserted behind the PPLN
crystal so the PPLN was inside the Ti:sapphire cavity. The threshold of the OPO
oscillation was surprisingly high at about 5W of the 532nm pump power. Overall
this setup was not very stable. Small amplitude fluctuations of the Ti:Sapphire were
amplified by the OPO. Also, operation close to the threshold of the OPO did not help
the stability. (Only 5.2W of 532nm light was available.) However, the instabilities
precluded measuring a beatnote.
The second experiment used a different crystal, a 1cm Brewster cut PPLN for a
wavelength region between 1.07µm to 1.26µm. The decision was made to move to
this wavelength regime since the system eventually should be used for biological applications and the water absorption can be minimized in that window. The mirrors
were also exchanged for high reflecting mirrors (>99.8%). The threshold of the OPO
cavity was reduced to 4.7W in this configuration and a fairly stable operation of the

60

Chapter 5. OPO as a Tool for IPI
OPO could be achieved if the 532nm pump was set above 5W. Bi-directional operation e.g. the forward and backward traveling pump pulse creates two OPO pulses,
was not observed as expected. However with the harmonically pump scheme ( OPO
cavity length was 2/3 of the pump) a beatnote measurement was possible.

5.3.3

Length Measurement

A nanoscope is proposed for an OPO cavity for minute length changes. By using a
combination of a Pockels cell and a polarizing beam splitter, these two independent
pulse trains can be sent to different cavity arms. One is used as the reference cavity,
the second arm as a measurement cavity. By placing samples inside the measurement arm, one can measure the change in thickness by monitoring the phase shift
introduced by the change in the refractive index. For such an application, shorter
pulse lengths are more desirable to increase the spatial resolution. The intracavity
OPO should be more suitable. All the optics needed for this experiment introduce
a big loss to the OPO cavity and higher pump power is desirable. A more detailed
discussion about this project can be found in 8.3

5.4

Pump sources for the OPO

The main motivation for using semiconductor lasers is the short upper state relaxation time, which prevents Q-switching instabilities. The instabilities are normally
observed with Ti:Sapphire lasers and especially Ti:Sapphire lasers used for intracavity pumping OPOs. Dye lasers were routinely used for intracavity pumping of
OPO without any problem, because of the property of fast relaxation time.
Another advantage is that seminconductor lasers may be a cheaper pump source
for the OPO. They are compact, fairly efficient and cheap in comparison to most
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solid state sources and suitable for a wide variety of applications, especially communication technology. Mode-locked semiconductor lasers were first used in the early
1980’s [37, 38]. However the technical difficulties of achieving short pulse duration
and high output power are still not resolved for edge emitting laser diodes. Also the
small area of edge emitting laser diodes are limited in the power since small areas
mean high intensities and therefore damaging the facet is very likely. This limits the
outputpower in the order of milliwatts and energies up to 20pJ. [39].
Two approaches to solve the high power and short pulse problem are considered: tapered amplifier (TA) in a ring oscillator configuration and optically pumped-externalcavity surface-emitting semiconductor laser (VECSEL) [40]

5.4.1

Tapered Amplifier

The work described here was done together with equal contributions by Andreas
Velten and Ye Liu.

A tapered amplifier consists of a normal, index guided region at the input side on
which the beam is focused. After the initial amplification and the waveguide ends,
the beam is allowed to diffract in a transverse direction. This is the tapered region
where the beam is gain guided. [41, 42]. Two cylindrical lenses are then needed to
re-collimate the beam too achieve good beam quality. Tapered amplifiers are more
commonly used in a master-oscillator power amplifier (MOPA) setup, where the
temporal and spatial characteristics of the output of a low-power oscillator are well
maintained through amplification in a tapered structure [43, 44]. Instead of the standard master-oscillator power amplifier (MOPA) configuration,the tapered amplifier
is used as gain medium inside its own cavity. For the setup a diode was used from Eagleyard , 780nm, 1W, EYP-TPA-0780-01000-3006-CMT03-0000 pre-packaged with
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Figure 5.8: A typical structer of a tapered amplifier is shown. At first, the input
beam is pre-amplified in the waveguide region of the TA. To reach higher powers
without damaging the material, the beam is then allowed to diffract and gain guided
in the tapered region.

the focusing and collimating optics as well as the optical isolator included. The later
is required to protect the diode from any back reflection. The advantage of this
configuration is the good beam quality that is defined by the cavity itself. Also to
avoid any damage to the semiconductor itself, only a small amount of the available
power can be coupled back. This leads to an unusual laser configuration were most
of the power is coupled out. It also has a very high gain per roundtrip as compared
to most solid state mode-locked oscillators.

Initially the optimal operation parameters were determined by a MOPA configuration. As input we used a Ti:Sapphire laser tuned to 780nm. (Fig 5.9 ). Gain
saturation is starting at 7mW of input power with a maximum outputpower at maximum pump current of 610mW. This corresponds to a small signal gain of 87 or
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Figure 5.9: A standard master oscillator setup up is used to determine the optimum
input power in our cavity
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The experimental setup of the cavity is shown in 5.10. A polarizing beam splitter
(PBS) and a half-waveplate is used (HWP1) as an output coupler and to control
the power coupled back to the TA to avoid burning the input facet. The second
half-wave plate is used to reorient the polarization matching it with to the input for
maximum gain.

Figure 5.10: Schematic of hybrid mode-locked external ring cavity semiconductor
laser. For mirror A, a normal mirror was used in cw configuration and a multiple
quantum well mirror for mode-locking. The radius of curvature of both focusing
mirrors is 10cm.

In position A in figure 5.10 we either placed a high reflection mirror to operate in
CW or the MQW well mirror for mode-locking. In the CW case a threshold of the
cavity was measured to be at 1.1A of pump current with a wavelength of 781nm. The
output beam profile was fairly round and the Gaussian fit was very good. To better
quantify the beam profile a M2 measurement was performed where beam profiles
were measured at several distances. An example of such a beam profile is shown in
Figure 5.11 for the vertical and horizontal axis. The measurement shows a M2 of
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1.07 which supports the claim that the beam profile is determined by the cavity itself
rather than the tapered amplifier.

Figure 5.11: Laser-beam profiles with Gaussian fit in the horizontal (a) and vertical
axis (b).

Initially, to mode-lock the TA, a MQW saturable absorber–centered at 795nm–
was inserted. Since the TA has a high gain, a 10 layer MQW was used to introduce
a large non-linear loss and a deeper modulation. However, the modulation alone
is not strong enough to achieve a stable mode-locking. On the oscilloscope only a
sinusoidal modulation on the amplitude was observed. An RF signal was applied
to the Bias-T to jump start the mode-locking. In this configuration a stable modelocking operation was observed, indicated by the pulse train in fig. 5.12. The stability
observed here is typical of a Ti:Sapphire laser operating in the “soliton regime”
and not often observed with a short lifetime medium such as semiconductors. The
stability seems to indicate that the pumping the OPO by a semicunductor laser is
worth persuing. The repetition rate was about 88MHz and the output power 40mW.
The autocorrelation of the pulse showed an almost perfect sech2 fit with a duration
of 500fs (fig. 5.14). This is compared to the optical spectrum. The FWHM of the
spectrum is about 2.15nm . The time-bandwidth product of 0.527 is larger than
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Figure 5.12: A oscilloscope trace of the stable pulse train

the theoretical value for a sech pulse of 0.315 [45]. This is not surprising since no
dispersion compensation is used and a significant chirp on the pulse is expected.

Figure 5.13: Optical spectrum with RF modulation on. Inset, RF modulation off.
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Figure 5.14: Intensity autocorrelation trace of generated pulse with pump current of
1.3A.
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Figure 5.15: Schematic of hybrid mode-locked external ring cavity semiconductor
laser with prism inserted. For mirror A, a normal mirror was used in cw configuration
and a multiple quantum well mirror for mode-locking as before. The aperture was
placed on a translation stage and had a width of 1mm.

The large tunability of the TA from about 40nm (according to manufacturer
specification) can be used to tune the laser cavity by inserting two prism pairs.
After the first pair, the spectrum is spread out and a slit on a translation stage is
inserted for wavelength selection (fig. 5.15). The tuning characteristics are shown in
fig. 5.16. It shows a range of operation of 20nm in CW case and 10nm for modelocking. The discrepancy between the manufacturers specification and our cavity are
fairly large. This can be partially due to limited bandwidth of the mirror coatings
and the distributed Bragg reflector (DBR) of the MQW.
Even though the TA is a novel and great device (1.4kW peak power, 0.68nJ
pulse energy and 60mW outputpower), it has limited use to pump the OPO. The
TA’s pulse energy is too low to pump the OPO. The pulse energy is limited by
the comparably short lifetime of the excited electrons in the TA. The short lifetime
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Figure 5.16: Output power versus wavelength for the cw laser at 2A (+), 1.3A (x),
and for the mode-locked operation at 1.3A. The TA temperature is set at T=28.5◦ C
.

limits the amount of energy that can be stored in the TA at a given pump current.
Since it is on the order of 1 nanosecond, decreasing the repetition rate below 1GHz
will not result in an increase in pulse energy. A continuous wave output power of
1W (maximum output power at 795nm for comercially available TA diodes) would
thus leads to a maximum pulse energy of about 1nJ. However, 2 nJ are normally
needed for pumping an OPO. The pulse energy is the most important factor if ideal
experimental conditions are achieved: length of the crystal is matched to the focusing
optics and the walk-off (see Appendix A ).
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5.4.2

VECSEL

The limitation of the TA prompted looking at other approaches with semiconductor laser devices. One alternate approach, building a 795nm vertical external cavity
semiconductor laser (VECSEL), was attempted due to Pulaski’s big success using a
ring MQW laser pumped with a dye laser [22] and the Keller and Tropper groups’
success with optically pumped VECSEL devices used in CW and mode-locked configuration at the 980nm and 808nm region. Even though ultimately building a laser
at that wavelength was unsuccessful, the related data is useful as a reference.

Darwin Serkland from the Sandia National Labs designed and grew a first sample
batch for us with MOCVD. In Appendix B, the design is outlined. On a GaAs
substrate, first 40 alternating layers of 100% AlGaAs of 659.1A thickness and 25%
AlGaAs of 569.0A where grown for the DBR mirror centered at 795nm. For the
gain medium, a stack for 10 quantum well sections where used. The barriers where
optically pumped at a wavelength below 680nm. On top, an anti-reflection coating
was applied to avoid a Fabry-Perot self lasing of the device.
A simulation of the index and electric field is shown in fig. 5.17. The anti-nodes
co-align with the quantum well gain structure for maximum gain. Also the center of
the gain is designed such that the gain peak is at a slightly lower wavelength than
the mirror peak taking into account the expected wavelength shift of 0.3nm/K due
to the heating of the sample. A photoluminescence (PL) measurement verified the
offset of the two peaks, (fig. 5.19). A simple two mirror cavity (DBR and curved
mirror as end mirrors) was used (fig. 5.18).
For pumping, a fiber coupled diode laser (650nm, 2W maximum outputpower)
was focused onto the sample. The spot size was estimated to be 500µm. After excessive alignment adjustments, the device did not lase for several reasons.
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Figure 5.17: The index simulation and electric field is plotted.

One of the possible reasons is heating. Several experimental and theoretical studies of the problem show that gluing or optically contacting the sample to a window
made out of Sapphire, Diamond or Silicon Carbide will significantly increase the
heat dissipation and help with the threshold of the cavity. One of the samples was
bonded to a Sapphire window with optical resin. The bonding was not optimal since
rings where visible between the sample and the window. However, in the center, a
region of good bonding was available. Even with this approach, still no lasing was
observed. This might imply that the PL peak (maximum gain) is too far off of the
DBR spectrum, which is creating too much loss for laser operation.

The next approach was using the gain medium in transmission, rather than in
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Figure 5.18: VECSEL pumping geometry: as pump two 2W, fiber coupled, 670nm
diode lasers were used.

reflection, e.g no DBR needed. A sapphire window was coated and wedged on on
side. The semiconductor sample, grown by Andreas Stintz, was removed from the
substrate and bonded to the coated side of the Ti:Sapphire. The coating was designed
such that the whole sample could be used at Brewster angle to minimize the losses
during transmission (for more details, see the thesis of Andreas Velten [36]). Up to
date we have not been able to achieve any lasing for our 795nm VECSELs.
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Figure 5.19: Spectrum of mirror and photoluminescence peak are shown
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5.5

Summary

In this chapter the data shows it is possible to create two independent pulse trains
inside the OPO cavity with only a unidirectional pumping scheme. This is achieved
by changing the length of the OPO cavity to a common multiple of the pump cavity length, harmonic pumping scheme. Harmonic pumping can be applied to any
number of pulses inside the cavity, limited by the occupied space e.g. pulsewidth.
Kokabee et al [46] have built an OPO with a repetition rate upto 16GHz. The experiment presented in the dissertation achieved a very stable operation shown by
the narrow bandwidth of the beatnote frequency taken over 2s. This bandwidth
was pushed even further down to 0.17Hz by Andreas Velten [36, 47]. Translated in
length measurement, it corresponded to 3fm or resolution. Besides measurement of
the electro-optical coefficient shown in figure 5.4, this can be used to measure nonlinear index of samples placed inside the cavity.
Two semiconductor lasers are discussed as possible alternatives for a OPO pump
source, the tapered amplifier and the VECSEL. The TA is able to produce a stable
pulse train with fairly high output power and short pulse width (1.4kW peak power,
0.68nJ pulse energy, 60mW outputpower and 500fs pulse length) but has limited use
for pumping the OPO because the required energy for pumping the OPO can not
be achieved due to the short life time of the gain. The required energy for pumping
the OPO can not be achieved due to the short life time of the gain. The energy
limitation problem prompted looking at the VECSEL. Efforts are described in this
chapter to build a optical pumped VECSEL at 795nm wavelength. To date we have
not been able to achieve any lasing for our 795nm VECSELs. Possible reasons are
flaws in the specific design and unsolved heating problems. Nevertheless a VECSEL
at that wavelength should be possbile.
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Chapter 6
Application of IPI to
Magnetometry

6.1

Introduction

The work presented in this chapter discusses applying the precise sensitivity of mode
locked lasers to phase perturbations as described in Chapter 4. As detailed below
the magnetic field acting on an intracavity sample is converted into a frequency,
proportional to the field to be measured. It is one of the various applications of
IPI [27], in which a phase difference between two pulse trains is directly converted
to a frequency, rather than the convential amplitude change, as discussed in the
previous chapters. This demonstration experiment is performed with a bidirectional
mode locked ring laser, designed so the two counter circulating pulses have the same
repetition rate 1/τRT , forcing them to meet at the same crossing point at each roundtrip. The two pulse trains generated by this laser have the same pulse period τrt ,
but not necessarily the same carrier frequency ν = 1/T where T is the light period.
Therefore, they can be made to interfere on a detector, creating a beatnote at the
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frequency ∆ν = νc − νcc . Note that for the same carrier frequency, this beatnote
frequency can also be expressed as the difference in carrier to envelope offset frequencies (CEO) f0 of either pulse train: ∆ν = f0,c − f0,cc . The CEO of a pulse
train is the difference in carrier to envelope phase of two consequtive pulses φCEP ,
divided by the pulse period: f0,i = ∆φCEP,i /(2πτRT ), and corresponds to the lowest
frequency mode of the extended comb [27, 48]. The large signal to noise ratio of the
beatnote observed in IPI stems from the fact that the teeth of the frequency comb of
a mode-locked laser are rigorously equally spaced. Thus every mode of the clockwise
pulse train produces the same beat frequency ∆ν with a corresponding mode of the
counter-clockwise pulse. The principle of intracavity phase to frequency conversion
in mode-locked lasers has been exploited to measure rotation, electro-optic coefficients, and a nonlinear refractive index [36]. The experiment presented here shows
that a magnetic field causes a phase shift ∆φCEP between two intracavity pulses,
resulting in a measurable frequency difference ∆ν between the two corresponding
pulse trains emitted by the laser.

This chapter discusses new applications of IPI measuring phaseshift instead of
amplitude–optical magnetometry that could possibly provide better magnetic field
measurements.

6.2

Faraday Rotation

The conversion of a magnetic field into a differential phase shift employs the Faraday
effect, by which left or right handed circular polarization experiences a different
optical path
(n+ − n− )` = ∆n`,

(6.1)
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when propagating in a material along the direction of a magnetic field. n+ and n−
are respectively the indices of refraction corresponding to either circular polarization.
The difference in optical path implies a phase difference
∆ϕ = 2π∆n`/λ

(6.2)

at each round trip for the circulating pulses. This differential phase shift results also
in a rotation of a linear polarized beam, usually quoted in degrees: θ = 180◦ ∆n`/λ.
The tradition of measuring the Faraday effect through polarization rotation is so
deeply entrenched that the physical constant associated to this effect is the Verdet
constant V = θ/(`B), expressed in degrees/(unit length × unit of magnetic flux
density).
The phase difference ∆ϕ per round-trip τrt results in a relative shift in mode
frequency (or CEO shift) between the two counter propagating frequency combs of:
∆ν =

∆ϕ
V B`
=
2πτRT
180◦ τRT

(6.3)

Unlike the traditional measurement of Faraday rotation, the measurement of a beat
frequency is independent of the amplitude of the laser, hence is not affected by
amplitude noise. The improvement of signal to noise brought by IPI is similar to the
one brought by FM over AM modulation in radio communication.

6.3

Proof of Principle Experiment

A proof of principle experiment is presented, using a Ti:sapphire ring laser modelocked by a dye jet as saturable absorber (Hexa-Indo Tri- Carbocyanine Iodide or
HITCI dissolved in Ethylene Glycol). This is not the ideal laser system for such
an application, but the easiest to implement. Other possible laser systems will be
discussed in Section 6.5. The requirement that the two pulse envelopes overlap at a

77

Chapter 6. Application of IPI to Magnetometry

Figure 6.1: Experimental Setup: Ti:Sapphire cavity with dye jet as saturable absorber and a birefringent filter for wavelength tuning. The cross indicates a pulse
crossing point half way around from the dye jet. The sample with solenoid is placed
between two quarter wave plates. A delay line (dotted lines) overlaps the two counter
propagating pulses at a detector

fixed crossing point, at each round-trip, is satisfied with a flowing saturable absorber
jet, which tends to modify the group delay to center the envelopes in the absorber [27],
without introducing any phase or frequency coupling between the two pulses. The
magnetic probe is placed between two quarter wave plates. The magnetic probes
used are rods of ` = 9 mm BK7, and ` =10 mm Terbium Gallium Garnet (TGG),
both anti-reflection coated for 790nm. The magnetic field is generated by a solenoid
with 17 windings wrapped around the different samples. The probes are shielded
with Mu metal from other contributions, such as the earth’s magnetic field. The
magnetic field is assumed to be uniform along the propagation axis and across the
beam size, which is much smaller than the sample diameter. The laser generates two
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trains of 30 ps (FWHM) pulses at a repetition rate of 125MHz and a wavelength of
790 nm.
The method is sufficiently sensitive to easily measure the Faraday effect in BK7,
as illustrated by the linear relationship between the beat note and magnetic field
in Fig. 6.2. A similar measurement made with a 1 cm long TGG crystal, typical
material used in Faraday isolators, is shown in Fig. 6.3. A slope of 30nT/Hz is
observed which corresponds indeed to the published Verdet constant at 790nm of
4.5×103 o T−1 m−1 [49]. The larger error is in determining the magnetic field strength
due to imperfect shielding of the sample. Contributions to the error are from the
earth magnetic fields and magnetized parts of the optical table. The TGG sample
(5mm) is smaller in diameter then BK7 (25.4mm), therefor a better shielding is
achieved and the error is estimated to be smaller.

Figure 6.2: Beat frequency versus magnetic flux along a 9mm long rod of BK7.
Verdet constant for Bk7: V=166 o T−1 m−1 at 800nm [1].
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Figure 6.3: Beat frequency versus magnetic flux along a 1cm long crystal of TGG

6.4
6.4.1

Resolution, Sensitivity and Accuracy
Resolution and Sensitivity

A measure of the resolution is given by the bandwidth of the beatnote. The Fourier
transformation of a beatnote recorded over a time of more than 2s, is plotted in Fig.
6.4, showing a bandwidth of 1 Hz. The change in magnetic field scale is indicated
on the top of the figure. With such a narrow bandwidth, a field variation of 10 nT
(which is 1/3 of the bandwidth) can be resolved. A variation of 10 nT corresponds to
only 8×10−9 rad, which is one order of magnitude less than the smallest measurable
polarization rotation measurable with other techniques [50].
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Figure 6.4: Fourier transformation of beat note signal. The FWHM is indicated to
be 1Hz

The bandwidth of the beat note, for this particular ring laser, has the following
contributions:
1. Fresnel drag caused by air currents
2. Gyroscopic response (Sagnac effect)
3. Mirror vibration
4. Schawlow-Townes linewidth
The contribution of the Fresnel drag is important but can be reduced by enclosing
the beams, and even eliminated by putting the cavity in helium or vacuum. The
gyroscopic response can be eliminated by using a figure 8 cavity, which is a “zero area”
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cavity. The importance of the contribution from mirror vibration can be assessed
by considering that random displacements of 1 pm displacement of a mirror in 10 ns
would broaden the beat note bandwidth to 120 Hz (such a displacement corresponds
to a resonant mechanical vibration at 100 Hz of 1 micron amplitude). In the case of
a linear optical parametric oscillator cavity of the same length, with two circulating
pulses, the first two contributions are eliminated (because each of the intracavity
pulses goes through the same cavity element in the same sequence). A beat note
bandwidth of 0.17 Hz is measured [36]. Even without considering active stabilization,
this bandwidth can be further decreased by reducing the size of the laser, for instance
from 3 meter perimeter down to 30 cm, making it possible to gain in mechanical
stiffness, leading to a resolution of the order of 0.01 Hz in beat note bandwidth,
which is eventually limited by the Schawlow-Townes linewidth of the laser. For the
current system we estimated a linewidth of a few mHz (high Q cavity with overall
loss of 2% and an intracavity power of 4W) [51].
A reduction in size increases the sensitivity of the magnetic field measurement,
since the frequency to be measured is, according to Eq. (6.3), inversely proportional
to the cavity round-trip time. It can therefore be estimated that a 30 cm perimeter
cavity, with the same TGG sample, would resolve a change in magnetic flux of 100
pT.

6.4.2

Accuracy

As can be seen from Figs. 6.2 and 6.3, there is a “bias beatnote” at zero applied magnetic field. One contribution is from the earth magnetic field that is not completely
shielded off. There is, however, a contribution to the beatnote at zero magnetic
field when the two counter-circulating pulses do not have the same intensities due to
difference in power. As the two counter-circulating pulses traverse the gain medium,
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or any cavity element of length d, a differential phase shift ∆ϕ = 2πn2 (I+ − I− )d/λ
(where I+ and I− are the intensities of the two counter-circulating beams in that
element) is introduced, which will contribute to the beat note. The arrangement of
Fig. 6.1 has in fact been used [36] as the most sensitive device for measuring a nonlinear index of refraction. For an absolute magnetic field measurement, the laser would
have to be stabilized and a zero intensity difference between the counter-circulating
pulses would have to be maintained. Another option is to calibrate independently
the laser in zero magnetic field to determine the bias.
In addition to making an absolute magnetic flux measurement difficult, the nonlinearities affect indirectly the beat note bandwidth, by introducing a contribution
to the beat note bandwidth from differential intensity fluctuations.

6.5

Improved systems

The Ti:sapphire laser used in these preliminary demonstration experiments is not
a practical system, in view of the dye jet used as saturable absorber. Other laser
systems can also provide a bidirectional operation without phase coupling between
the two counter-circulating pulses, as needed for IPI experiments. Most promising is
the synchronously pumped OPO (either external cavity or intracavity as discussed
in Chapter 5) for which a beat note bandwidth of 0.17 Hz has been measured.
Miniaturization of these lasers is not the only way to improve their sensitivity and
resolution. Another improvement is to substitute for the TGG crystal an atomic
vapor, which could bring another factor 1000 improvement [52, 53] or better (see
Chapter 8.2). Magnetometers based on coherent population trapping are particularly
well adapted to IPI detection scheme. The coherent population trapping can be tuned
in by making the repetition rate of the mode-locked laser match a submultiple of the
hyperfine splitting of, for example, Rb87 [27]. Another approach to atomic vapor
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magnetometry relies on nuclear spin resonance [54]. The final detection in the later
approach is still based on Faraday rotation, which can be replaced by the method of
IPI presented in this paper.

6.6

Conclusion and Discussion

A sensitive magnetic field measurement has been presented which exploits the CEO
change for two counter propagating pulses inside a ring cavity. A change of 10nT
in magnetic field can be resolved which corresponds to a polarization rotation of the
order of 10−9 rad.
More work can be done on this project. As discussed above, using atomic vapor as
magnetic sensor material is the next step to improve the system. But more can be
done with this experiment.
Also using fiber laser technology, one can make an all-fiber magnetometer. In our
group, it was shown that one can can build a bidirectional mode-locked ring cavity,
useful for IPI measurements [55]. Incorporating hollow-core-fibers (HCF), filled with
atomic vapor would make this a small, portable and useful magnetometer. Ghosh
et al [56] showed that specially coated HCF can be filled with atomic vapor and
coherent interaction experiment can be performed. The length of the interaction
allows for low vapor concentration as well as low light concentration. Even using
opposing polarization of the two pulse trains in the fiber laser would allow for a
linear cavity without having to worry about the coupling between two pulse trains
avoiding the deadband. Work is in progress to build such a device.
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Limit to the Beatnote Linewidth

7.1

Introduction

The following chapter discusses the noise contribution to the beat note measurement
and the ultimate bandwidth that could be achieved. The discussion includes reviewing previous work on linewidth broadening origins in the frequency comb mode as
well as the coupling between repetition rate and phase fluctuations, gain coupling
and center wavelength drifts in a mode-locked laser.
Meng [8] already mentioned that squeezed states may be used to exceed the classical
limit of the beatnote bandwidth. Since squeezing requires using non-linear processes,
like OPO, the OPO used for IPI may be a way to conduct squeezing because squeezing could minimize the phase noise in the beat note measurement. However, a better
understanding of the limit is required, prior to using OPO for squeezing. Although
this Chapter will discuss the limit on the beat note bandwidth, implementing squeezing experimentally or how it improves the limit will not be covered.
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7.2

Influence of the Cavity Length on the beatnote

Shorter cavity lengths theoretically improve the sensitivity of IPI by more sensitive
beatnotes measurements. As previously stated, vibrations of cavity mirrors can be
linked to the 1Hz bandwidth of the beatnote. A very simple derivation links the
change in cavity length ∆L to the beatnote:

∆ν
∆L
=
ν
L

(7.1)

A 1 Hz bandwidth with a cavity length of 3m means that the change of cavity
length that can occur in the time-interval between the two pulses is 0.01pm. Vibrations of 10Hz with an amplitude in the order of 0.1µm will result in this change.
This is not the only mechanical instability in the system.

For ring lasers, especially the previous described magnetometer experiment, changes
in the air currents, even with an enclosed laser system, will affect the beatnote bandwidth [57]. Here the change in cavity length can be expressed as the air current:

∆L = 2(n2 − 1)

lv
c

(7.2)

where n is the refractive index of the gas and v is the speed of this medium. A
0.01pm change in cavity length would mean an average air speed over the length of
the cavity of 0.94×10−5 m/s. The index of refraction of air at 800nm is n=1.000267
[58]. In linear cavities, this does not play a big role since both pulses will always
share the same path over the roundtrip time. It is an important factor in the ring
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laser: simply blowing air through the beam path results in a large beat note change.

Overall, mathematically the change in beatnote versus the change in rountrip
time also plays an important role. Taking the first derivative of the beatnote signal
with respect to the roundtrip time allows for a better analysis of the problem,
d∆ν = −

∆ϕ
∆τRT
.
dτRT = ∆ν
2
2πτRT
τRT

(7.3)

For the free running Ti:Sapphire, the fluctuation of the repetition rate are normally
several kHz in one second which can be observed with a standard frequency counter.
A 1kHz change in repetition rate means a timing jitter of 20ps for a 100MHz laser
over 1s. This translates into a change in beatnote of 0.32mHz bandwidth. This
calculation assumes a phase sensitivity that is currently seen by the experiments of
1×10−8 rad. Hence a repetition rate stabilization of the cavity itself is not needed
until all the other mechanical noise contributions are completely eliminated.
For a synchronously pumped OPO, the cavity length can change without the
change in repetition rate. For the small changes caused by various perturbations,
the group velocity vg of the pulse can self adjust such that the overall repetition rate
is the same by adjusting the center frequency of the pulse and therefore the speed
it travels through the cavity. This is especially true for the synchronously pumped
OPO, where the repetition rate is predetermined by the pump cavity.

7.3

Schawlow-Townes Linewidth

The Schawlow-Townes linewidth determines the resolution of IPI. There are several
publications about the linewidth of a frequency comb concluding that the theoretical
limit is the Shawlow-Townes linewidth [51, 59]. In the first order, the linewidth
can be described by a modified Schawlow-Townes formula for CW lasers [60]. The
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Schawlow-Townes linewidth is thus primarily the cavity round trip frequency, the
ratio of the photon energy to the intra-cavity energy,

∆νST



hνθltot TOC
1 hν
= θltot
=
2
4πτRT
Pout,av
τRT Wcav

(7.4)

where ltot is the total loss of the cavity, TOC is the transmission of the output coupler
and Pout,av the average output power of the laser itself. θ ≈

N2
,
N2 −N1

where Ni is the

population of the lower (1) or upper state [61], is the spontaneous emission factor
and in generally ≥ 1 for a four-level system due to the low population in the lower
lasing state.
For three-level systems and quasi-three level systems (the two lower levels of
the four levels are close enough such that the thermal energy is enough to occupy
the lower laser level) spontaneous emission is much stronger and harder pumping
is needed to achieve the same gain due to the higher ground state population and
therefore θ is larger than 1. For semiconductors, another modification has to be considered. The linewidth enhancement factor α is a measure of coupling the phase noise
to the intensity. Therefore Equation 7.4 has to be multiplied by a factor of (1+α). In
the CW case, the linewidth is interpreted as the contribution of spontaneous emission of the gain medium into the CW beam as well as coupling of quantum noise
through the mirrors of the cavity. This phase noise will then broaden the linewidth
of the laser. It is the same for a mode-locked laser. However Paschotta et al [51]
showed that this is only true for the modes close to the center frequency for a passively mode-locked laser and generally true for an active mode-locked system. At
the wings of the comb the linewidth increases due to quantum noise induced timing
jitter. Menyuk et al [62] and Wahlstrand et al [63, 64] also showed that the linewidth
increased in the wings of the comb.
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Equ. 7.4, was used to estimate the linewidth (at the center frequency) for the
experiment. Our typical Ti:Sapphire is a four level system gain medium, therefore
θ = 1. Normally the experiment used a high Q-cavity laser with low losses. All
the elements are at Brewster angle and use high reflective mirrors typically with a
R>99%. Overall one can estimate the losses total 5%. An average output power is
about only a few hundreds of µW to a few mW, depending on the pump power used.
Typically the cavity operates far above threshold. For the output a 1% reflection
of one of the Brewster angle oriented elements was used e.g. prism, electro-optical
modulator or beam splitter. For this chapter 1mW was used. Rountrip time of a
typical laser is 10ns and the center wavelength 800nm. This leads to a ∆νST of
100µHz for such a Ti:Sapphire system.

In Equation 7.4, a limitation hampers the sensitivity of IPI. Decreasing the cavity
length increases the repetition rate and inherently increases the sensitivity of the
measurement because the beatnote signal is inversely proportional to the round trip
time. However the Schawlow-Townes linewidth is also inversely proportional to the
roundtrip time for constant energy and to the square of the rountrip time for constant
output power. If the energy is kept constant, than the Schawlow-Townes linewidth is
inversely proportional to the roundtrip time. This implies harder pumping is needed.
In the case of the Ti:Sapphire, this problem can be neglected since the SchawlowTownes linewidth is significantly smaller than the smallest bandwidth ever measured
and the crossing point of both curves is in the order of ps round trip time, by far
exceeding the technical capabilities.

89

Chapter 7. Limit to the Beatnote Linewidth

7.4

Contribution by Other Parameters

Uncorrelated fluctuations in the laser wavelength will eventually play a role in the
noise of the IPI signal since dispersion will contribute to the phase shifts we are
measuring. So far, no changes have been observed in the center wavelength significant enough to cause any problems. These fluctuations are normally smaller than
±0.1nm. This observation is limited by the resolution of the spectrometer. But in
regards of the linewidth of the IPI signal, the wavelength fluctuations do not play a
role. Wahlstrand et al [64] did a detailed analysis of the linear response of a modelocked Ti:Sapphire laser to perturbation via the formalism of stochastic differential
equations.
d~v
~
= −A~v + S
dt

(7.5)

where v is the transposed vector of all the fluctuations: gain fluctuations ∆g, energy fluctuations ∆W, center frequency fluctuations ∆ω0 , central pulse time ∆τ and
~ represents all the noise sources for all the
the phase fluctuations ∆φ. The vector S
parameters and A is a matrix that couples the change in one parameter to another
parameter. Overall 15 differential equations for h∆vi ∆vj i have to be solved for a
complete analysis of the linewidth of the combs as well as the contribution from each
individual parameter. Overall, they concluded that for a free running laser, the noise
is dominated by the timing jitter. Also the linewidth can vary by a factor of 100
for comb lines as far as 200THz away from the center frequency. However they are
concerned with ultrashort pulses, duration of the order of 10fs. In this dissertation
experiments, the shortest pulses achieved in IPI are pulse widths of hundreds of fs
to ps. This results only in a comb width of 10THz or less and therefore the approximation using the Schawlow-Townes linewidth seems to be adequate. However there
is still a need for an exact analysis simulation to determine the exact values for the
experiment.
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IPI’s great advantage over single pulse train measurements is that noise always
affects both pulses the same way. Any noise with a time constant longer than the
round trip time of the laser does effect both pulses the same way and therefore does
not affect the beatnote measurement. This unique attribute is the main reason why
the unstabilized, free running lasers have a great performance record. As long as the
timing jitter does not change significantly with respect to the beatnote bandwidth,
both combs will jitter synchronously and the overall differential phaseshift measurement is not affected over the measurement period. However, long term drifts still will
have an impact on the overall performance of the device. Intensity shifts, especially
with the Ti:Sapphire, where both pulses do not have the same intensities contribute
in a drift of the beatnote frequency offset and therefore make an accurate and absolute measurement difficult. The wavelength of such a system can also drift over
several nanometers which will effect the dispersion of the material. This is especially
true for the atomic magnetometer. The repetition rate can slip as much as the whole
comb separation in the long term. Overall, these long term drifts can be controlled
via standard stabilization schemes and by controlling the environment of the laser
cavity (e.g. temperature, air flow) and should not be an ultimate limit of IPI.

7.5

Linewidth of an OPO comb

At first glance, OPOs seemed to be significantly different than an ordinary gain
medium since no spontaneous emission is present. However different regimes in an
OPO have to be considered: “below threshold,” “close to threshold,” and “above
threshold.” Graham et al [65] calculated the linewidth, using quantum mechanics
for the different regimes for the CW OPO. For the “below threshold” regime, the
linewidth of the signal is only dependent on the quantum noise fluctuations of the
idler and vice versa, but not dependent on mode noise itself. Approaching “closer

91

Chapter 7. Limit to the Beatnote Linewidth
to threshold,”the linewidth behaves like an high gain amplifier or laser that is below
threshold. In this “close to threshold” regime, spontaneous conversion of the vacuum noise and the vacuum noise of the signal frequency in the surroundings takes
over. In the “above threshold” regime the linewidth becomes an adiabatic diffusion
between the pump and the sum of signal and idler phase which results in two terms
in the linewidth of the signal: the pump laser linewidth plus the contribution of the
spontaneous conversion and quantum noise. This also means that whichever is larger
is the dominating factor (see Boyd, Nonlinear Optics [66]).

It is uncertain, how the dominating factors equate to a synchronously pumped
OPO, since the above description is for the CW OPO specifically. Assuming the OPO
linewidth can be calculated trough the Schawlow-Townes linewidth with Equation
7.4, the linewidth value is 0.31mHz. The experimental conditions in Chapter 5 were
used to calculate the linewidth value (output power of 100 µW). Overall, the total
losses where about 3%. The center wavelength of the OPO was at 1.5 µm. Compared
to the measured linewidth of 0.17Hz, this is only one order of magnitude away from
reaching the measurement limit. At a roundtrip time of 2ns, the Schawlow-Townes
linewidth becomes larger than the beatnote itself, resulting in a decreased resolution
due to the bandwidth. The question remains if ultimately we will be limited by the
quantum limit or by the increased sensitivity to the mechanical noise.
In a synchronously pumped OPO, there are more constraints to the system. The
repetition rate is only determined by the pump pulse. This can be explained by
looking at the amplification process inside the OPO crystal. When the pump pulse
is either behind or ahead the OPO pulse, the front or tail of the OPO pulse will not
see gain and therefore also slows down or speeds up. Another way to describe this
process is by using the dispersion of the OPO cavity. The center frequency of the
OPO pulse will shift to always overlap with the pump pulse inside the gain crystal.
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Figure 7.1: OPO cavity: Plotted here is the beatnote signal vs roundtrip time for
a constant phase shit of 1×10−8 (solid blue) and the Schawlow-Townes linewidth vs
the roundtrip time (dashed red) assuming a constant average outputpower.

This only occurs over a short length scale limited by the phase matching condition,
mirror reflectivity, dispersion properties of the OPO cavity, and the pulse width. Experimentally one can see this effect of wavelength adjustment by changing the length
of the OPO cavity. Normally, we were able to move the end mirror for 200µm in the
case of a picosecond pulse, but only a few 10s of µm in the case of a pulse with a
few hundreds of femtosecond width. The wavelength adjustment is happening while
the repetition rate of the OPO stays the same. This has been characterized before
by Dudley et al [67]. Therefore the timing jitter of the OPO is only dependent on
the timing jitter of the pump pulse. A more careful investigation by Dudley et al
revealed that the timing jitter of the OPO is not only dependent on the timing jitter
of the pump pulse. Their OPO was pumped by a mode-locked Ti:sapphire. In the
case were the GVD of the OPO cavity was compensated by a pair of prisms the
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timing jitter was actually less than that of the pump. They claimed it is partly due
to the difference in group velocity (walk-off) and that no spontaneous emission is
present. However they also observed, when the GVD was not compensated, an increased timing jitter. This was mainly due to the increase in amplitude fluctuations
that couples to the phase of the pulse.
Since the experiment is already measuring a very small bandwidth of the beatnote,
the pump timing jitter does not affect the measurement significantly. As already
discussed, the change in repetition rate with the Ti:Sapphire laser has only a small
effect on the change in beatnote. This insignificant effect is also true for the OPO
since the physics have not changed. The difference is that the OPO repetition rate
can only fluctuate if the pump repetition rate fluctuates too.

Phase conservation during the parametric conversion process must be considered
because phase noise will also be converted and limits IPI measurement [68].
ϕp = ϕi + ϕs −

π
2

(7.6)

The phase conservation also means that the CEO of the pump has to be conserved.
fCEO,p = fCEO,i + fCEO,s

(7.7)

The idler is created new every round trip in a singly resonant OPO. The CEO of the
pump is fixed by its cavity. That means the phase shift introduced by the IPI to the
signal has to be imposed onto the idler with a negative sign to still fulfill Equ. 7.7.
fCEO,p = (fCEO,i +

∆ϕ
∆ϕ
) + (fCEO,s −
)
2πτRT
2πτRT

(7.8)

Equation 7.8 allows us to measure the beatnote by overlapping two consecutive idler
pulses. However, how the phase noise of the pump is compensated must be considered. The restrictions only apply to the sum of the two phases, but not the
difference. Also, the signal pulse is restricted even further by its own cavity. Any
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pulse to pulse fluctuations in the pump phase can be only absorbed into the idler and
therefore should have a broader bandwidth of the beatnote of the idler. Measuring
the beatnote of both signal and idler at the same time and analyzing its bandwidth
and fluctuations is a simple experiment to set up and will help understand the noise
contributions in IPI measuremnets with an OPO.

Again one has to mention that IPI only measures the difference between two
pulse trains of the signal. Long term drifts in phase, repetition rate and frequency
will affect both pulses the same way and are negligible as long as dispersion of
the material used to impose the phase shift can be neglected. The pulse to pulse
fluctuations are generally much smaller than the long term effects and should not
have a large contribution to the beatnote bandwidth.

7.6

Summary

Before considering using squeezed states with the OPO setup, there is still the need
for a better analysis of the actual noise limit of IPI. Futher analysis is needed to
calculate and measure all the Aij coefficients in equation 7.5 for the Ti:Sapphire
experiment. In theory, the limitation for the linewidth of IPI is the Schawlow-Townes
linewidth of a mode-locked laser which is very small for the Ti:Sapphire cavities used
in the IPI experiments. The discussion presented in this chapter revealed the reason
why our unstabilized laser systems perform very well: noise larger than the round
trip time affects both pulses the same way and repetion rate fluctuations have can
be neglected.
The Schawlow-Townes formula can be applied to the OPO, assuming that the
spontaneous emission is similar to the spontaneous parametric conversion of the
vacuum fluctuations. If the Shawlow-Townes linewidth is the limit of the OPO
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beatnote bandwith, the measured 0.17Hz linewidth is only one order of magnitude
away from the calculated Schawlow-Townes linewidth and the sensitivity cannot
be further refined. However, other effectsrepetition rate is only determined by the
pump and the sum of the phases between signal and idler is related to the pump
phasemust be researched further for potential limits to the beatnote bandwidth and
IPI resolution.
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Future Work

8.1

Introduction

In this dissertation, two applications of two-pulse per cavity lasers were presented.
First, IPI and the newly developed OPO cavity with great stability was discussed,
as well as new IPI applications to optical magnetometry. Second, the two-level
analogy reveals previously unexplained dynamics of a Kerr-lens mode-locked ring
laser and possible uses as a scattering sensor. In the following chapter, future research
work is proposed to improve the optical magnetometry sensitivity with IPI using
atomic vapor. A totally different application of IPI is also discussed–using the great
displacement resolution to build a phase imaging system, named Scanning Phase
Intracavity Nanoscope (SPIN). Finally, a high repetition rate OPO is proposed where
multiple pulses are propagating inside the cavity in a harmonical pump scheme.
Chapter 5 proved that these pulses are independent from each other. However, by
seeding the idler, the phase of the all the signal pulses can be locked which should
lead to a high repetition rate OPO comb.
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8.2

Atomic Magnetometer Using IPI

The proof-of-principle experiment presented in Chapter 6 shows that IPI can be
used as an optical magnetometer, measuring phase changes in the order of 10−8 rad.
As briefly described at the end of that chapter, using atomic media should improve
the sensitivity significantly. Several options can be implemented as an atomic magnetometer: the Zeeman effect, spin precession, and coherent population trapping.
Each option has been studied extensively before, however they have never been used
inside a laser cavity as a magnetometer. In the following sections, each method will
be examined in more detail with respect to IPI.

8.2.1

Zeeman Effect

The Zeeman effect describes, when a magnetic field is present, the energy shift and
splitting of energy levels with different magnetic moments. The effect is only valid for
weak magnetic fields, where spin-orbit coupling is still occurring. For larger magnetic
fields, the effect is called the Paschen-Back effect where the spin-orbit coupling is
overcome. For even larger fields, the splitting becomes quadratic (non-linear). Sublevel m=1 of a j=0-j=1 transition (see figure 8.1) upon application of a magnetic
field with a component Bz along a z-axis, can be written as

∆E = µB gf mf Bz

(8.1)

where gf is the hyperfine g-factor accounting for corrections to the dipole-moment,
mf the magnetic quantum number and µB their Bohr magneton. The shift in Energy
results in a change in the resonance frequency ω0 +∆ω = (E +∆E)/h̄ If the magnetic
field is measured through Faraday rotation, one can use a classical model to estimate
the changes in index of refraction associated with the level shift
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Figure 8.1: Zeeman Energy shift for small magnetic field. σ − and σ + is for left and
right circular polarized light. m is the magnetic quantum number

n(ω) = 1 +

N e2 (ω0 − ω)
1
0 me ω0 (ω0 − ω)2 + Γ2

(8.2)

where N is the atom density. 0 the permittivity of free space, e and me the charge
and the mass of the electron and Γ the damping rate or natural bandwidth of the
transition. Assuming an oscillator strength in the order of 1 as well for gf and mf , ω
being close to resonance, µB =9.2×10−28 J/T, 0 =8.8×10−12 F/m, e=1.6×10−19 C, N
of 1014 cm−3 , me = 9.1×10−31 kg, Γ in the order of MHz, λ of 10−6 m,ω0 of 1015 rad/sec
and a sample length L of 1cm allows for an estimation of the change in phase when
a magnetic field is applied,
∆φ =

2π(n(ω0 + ∆ω) − n(ω0 − ∆ω))L
rad
≈ 10
× Bz .
λ
T

(8.3)

As seen before, with our unstabilized IPI measurements, a phase shift in the order
of 10−8 can be measured. This implies a magnetic field of 10−9 T when using the
Zeeman effect. A problem with a real system is that there is a thermal distribution
across all the hyperfine levels due to the Boltzmann distribution e.g. the atoms are
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not all polarized. Therefore sensitivity is reduced because not all of the atoms are
contributing to the change in refractive index.

8.2.2

Spin Alignment or Optically Pumping

Optical pumping has already been studied extensively with Alkali-atoms in extra
cavity settings [54] and it has been shown to be an optical magnetometer with a
sensitivity in the order of femto-Tesla and even atto-Tesla called the SERF magnetometer and can be applied to the IPI method.
Besides the effect of total polarization (spin alignment), the increase in the coherence
time T2 up to 1s and longer reduces the bandwidth of the spin precession significantly and therefore gives the high sensitivity of a few femto Tesla. The T2 time
can be modified by reducing the spin relaxation due to the collisions with the cell
wall. One collision with a glass wall would lose the spin alignment immediately and
the transit time of an atom through the laser beam will determine the linewidth of
the measurement. Coating the cell walls with parafine would extend the amount of
collisions up to 10,000. Recently, a cell has been constructed where this number was
further increased up to 106 [69].
The pump (here circular polarized light) aligns all the spins along the k-vector.
The magnetic field in the perpendicular direction makes the spin vector precess creating a Sx contribution which is probed with a linear polarized probe beam. Circular
dichroinism will result in a rotation of the linear polarization.

8.2.3

Coherent Population Trapping

Coherent population trapping (CPT) and its associated effects like electromagnetic
induced transparency and dark states can be used as another technique for optical
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Figure 8.2: The optical pumping scheme used for magnetic field measurement.

magnetometry. Its narrow feature in comparison to the normal Zeeman splitting is
making for a much steeper refractive index curve.
An atom that has a Lambda-transition (see figure 8.3) is interacting with two CW
laser fields which are close to resonance with either of the dipole transition < 1|
to < 3| and < 2| to < 3|. The two ground states < 1| and < 2| are separated by
∆ω12 and the transition is dipole disallowed. If the difference between the two laser
frequencies matches the energy splitting between the two lower state ∆ω12 = ω13 −ω23
destructive interference between the two dipole transitions occurs and a reduction
in absorption and fluorescence can be observed. Due to the long lifetime of the
transition between < 1| and < 2| the linewidth of EIT is much smaller than the
Doppler width of the states itself. It is in the order of kHz. formula 8.3 and easily
reach femto-Tesla resolution. This has been shown by Kitching’s group [52]
.
CPT can also be observed with a pulse train if the repetition rate of the pulse
train is a submultiple of the lower state energy separation.[70]. The frequency comb
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Figure 8.3: A typical Λ transition in an atom is shown

structure provides both frequencies necessary to excite the two transitions and establish the coherence. Experiments have been carried out with Rubidium 87 and
its D1 transition at 795nm. When the repetition rate was exactly tuned to a submultiple of the hyperfine splitting of the ground state a dip in the fluorescence was
observed. The linewidth of this dark resonance is only 15kHz. This sharp line in
absorption implies a very steep change in refractive index which can be used for our
magnetometer.

Placing the atomic sample inside the cavity will face several challenges. One, the
absorption dynamics of the Rubidium will potentially have an effect on the basic
laser operation. The second challenge is the dynamics of the interaction between
two opposing polarized pulse trains and the atoms has not been studied yet. Both
challenges have to be studied extensively in experiments and with simulations simultaneously to fully understand these dynamics before repetition rate CPT can be
applied to IPI and magnetometry.
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8.2.4

Sensitivity

Whichever method is used, the sensitivity of magnetic field measurements using
atomic vapor is inversely dependent on the density and coherence time [71]. The
formula describing the atomic projection noise can be written,

δB =

1
h̄
√
,
gµB N τ T

(8.4)

where N is the number of atoms, µB the Bohr magneton, g the Lande factor of the
ground state, τ the coherence time and T the measuring time assumed to be much
larger then τ [71]. Improving the sensitivity for standard optical magnetometer
will require either an increase in the density, increase in the coherence time, or
increase in measurement time. In addition to the atomic projection noise, the shot
noise has to be considered with standard optical magnetometry where an amplitude
measurement is performed. For an optimized experiment, both contributions play
a crucial role. For the IPI magnetometer, the experiments were not limited by the
detector’s amplitude shot noise; however,the experiments with IPI using rubidium 87
should be limited by the comb line linewidth as discussed in Chapter 7. Whichever
is larger, either the linewidth or the projection noise, will limit the experiment. The
experiments done by Ladan Arissian used a rubidium cell, density in the order of
1014 cm−3 , a coherence time of 10−3 s and g=2 for the D1-line, would result in a
sensitivity of 10−17 T in a measurement over the time of 1s.
Estimating the Verdet constant of the previous published optical magnetometers
converts the ultimate limit of Eq. 8.4 into a beatnote. Publications suggest that
the Verdet constant for an atomic vapor system is of the order of 100nrad/(ft cm).
This converts into a beatnote of 0.15Hz when a 10 cm vapor cell is assumed as well
as 10ns roundtrip time and is a factor of 10 below the smalles beatnote bandwidth
measured with a Ti:Sapphire laser of 1Hz. As of now in the case of the Ti:Sapphire
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Figure 8.4: Two possible experiments: on the left, the proposed CPT magnetometer
using IPI is shown. On the right, the implementation of optical pumping is sketched.

laser we would be still limited by the mechanical noise but a field of 0.1ft should be
resolvable. IPI is also limited by the integration time. With the example described
here, a 40 second long measurement has to be performed until the projection noise
limit is exceeding the Fourier limit.

8.2.5

Experimental Setup

Implementing the three concepts described above is fairly simple. For the Zeeman
magnetometer and the optical pumping experiment, the cavity does not have to be
changed significantly. The TGG sample has to be replaced with an atomic vapor
cell. Either rubidium or potassium can be used for vapor. This is sketched on the
right side of figure 8.4.
Another setup is a laser ring cavity with a tail. This is the preferred method for
the CPT magnetometer since a co-propagation is needed to avoid problems with the
Doppler broadening. For the tail, a polarizing beamsplitter is inserted in the cavity.
In the tail section a quarter wave plate and the atomic vapor cell is placed. In one
direction, the p-polarization is transmitted through the beamsplitter. On the return
path passing the quarter-wave plate a second time, the polarization is rotated by 90◦
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Figure 8.5: Combining the optical pumping and the sensor into one experiment. For
pumping, the laser is operating uni-directional. This is done the same way as for
the two-level analogy by a feedback. Switching off the feedback, the bi-directional
operation can be used to measure the beatnote introduced by magnetic field.

to s-polarization and reflected by the beamsplitter. A half-wave plate is needed to
rotate its polarization back to preferred orientation. The counter-propagating pulse
is transversing the elements in reverse order.

A third setup might also be possible. Uni-directional control of the two-level system can be used to eliminate the CW-pumping laser needed for the spin-alignment
or optical pumping experiment. In this case, the spins are aligned along the propagating light axis. A magnetic field along the propagation axis will also lead to a
projection of the spin in the x-direction (Sx ) that can be probed by the two opposed
circular polarized pulse trains.
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8.3

SPIN: Scanning Phase Intracavity Nanoscope

Another proposed IPI application is a phase imaging system for weakly reflecting
biological samples. SPIN is an alternative to classical imaging systems, imited by
the diffraction limit, λ/2nA where nA is the numerical aperture of the microscope
objective. Standard imaging systems can be further improved by using non-linear
light techniques such as non-linear fluorescence and fluorescence labeling of individual molecules. However, the techniques limit the observation region to only certain
parts of cells and molecules of interest, potentially loosing the big picture. For
high-resolution imaging, electron microscopes can be used. High resolution, few
nanometers, can easily be reached. The disadvantage is that thin samples have to
be prepared, which kills the living sample and no in-vivo imaging can be done. Using IPI with its sub-wavelength displacement resolution as an imaging system would
address both issues simultaneously: high depth resolution and in-vivo.
The idea is to use a linear cavity as shown in figure 8.6. A modulator is placed inside the cavity to change the polarization of one circulating pulse with respect to the
other one. A beamsplitter diverts the two pulses into two different arms of the cavity,
the sample arm and the reference arm. A beatnote is detected due to the difference
in path length between the two arms. Placing the sample on a x-y translation stage
allows for a phase map of the sample that can be converted into a 2-D image.
The resolution in the transverse direction is limited by the beam size to a few micrometers. One method to achieve transverse resolution is tomographic reconstruction.
Another method is to combine SPIN with a second imaging technique.One ccan ues
as second imaging technique, an off-axis, coherent illumination for the extension of
imaging interferometric microscopy, as proposed by Neumann et al [72]. This technique collects higher diffraction orders from an illuminating beam, overlap them with
the 0th-order of a reference beam, and image both together. The coverage of the
spatial frequencies of the image is increased with the higher orders and more infor-
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Figure 8.6: SPIN configuration: the pulses are split into two different arms, the
reference and the sample arm. The beatnote is created by the change in path length
due to the sample. The modulator is driven by the pulse repetition rate. Several
schemes for this are possible.

mation can be extracted with an appropriate recovery algorithm. The transverse
resolution of such a setup is estimated to be λ/4. Combining SPIN setup and the
off-axis imaging system can be achieved by using the illumination method (interference of grazing and small illumination incidences of figure 3.b in reference [72] with
the 0th order illumination as intracavity laser beam. For the illuminating beam,
part of the pulse is coupled out and send to the sample with the proper delay (see
fig. 8.7). Both beams have to be collected behing the sample and the image can
be reconstructed. In this configuration, SPIN is providing the depth resolution and
the off-axis coherent imaging system, the transverse resolution. Additional flexibility
is proovided with a half-sphere on top of the sample wich would allow illumination
from different angles of both beams.

The two arm configuration has already been shown to work with a a vanadate
laser mode-locked with a MQW [73]. A displacement of 3nm of the end mirror in one
arm resulted in a 1kHz change of beatnote. The scattering of the stationary MQW
introduced a large deadband limiting the usefulness of this laser. A better solution
for studying the performance of such a cavity design in regards of a phase imaging
system is a linear Ti:Sapphire cavity mode-locked with a saturable absorber dye jet
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Figure 8.7: Combining SPIN with a second imaging technique to increase tranverse
resolution. The sample pulse is coupled out by a partial reflector and overlapped
with the proper delay with the cavity pulse at the sample via a half-sphere. The
cavity pulse provides the 0th order as referene, the second pulse the higher orders
and both are imaged.

which does not have a [26] deadband as previously shown. A setup sketch is shown
in figure 8.8. The dye jet is placed in the center of the cavity. This ensures two pulse
operation because saturation of the dye can be reached quicker resulting in a lower
loss for the laser.
The best laser for SPIN is the linear OPO with two pulses inside this cavity.
OPO is a purely solid state laser that can be tuned over a large wavelength region.
Two different OPO cavity approaches can be used for SPIN. An external cavity,
harmonically pumped OPO as demonstrated in chapter 4 or and intra-cavity pumped
OPO. Both designs have benefits and disadvantages. The external cavity approach
has been shown to be an excellent and stable source, but a high power pump laser is
needed. The power problem can be avoided by using an intracavity pumped OPO.
Stable two pulse operation is not a simple task in an intracavity OPO. The coupling
between the two cavities result in an instability. Theoretical simulation suggest that
this can be solved by introducing a non-linear loss inside the OPO cavity [36] but
experimental implementation has not been achieved up to now.
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Figure 8.8: Cavity configuration for SPIN with a Ti:Sapphire gain crystal and dye
jet.

The signal applied to the Pockels cell, diverting the two pulses into the two arms,
has to be considered more carefully. Ideally a square pulse is used. The λ/2 voltage
level are normally a few hundreds of Volts for low voltage modulators and a square
pulse is almost impossible to create in this high voltage range. Therefore a sinusoidal
wave has to be used. The problem with a sinusoidal wave is the time needed for the
pulse traveling through one of the arms and back to the Pockels cell and will result
in a change in the voltage level. This results in a partial rotation of the pulse and

Figure 8.9: The external cavity OPO setup. A mode-locked pump laser, in this case
Ti:Sapphire will pump the PPLN crystal. The OPO cavity has to be a multiple e.g.
2 times of the pump cavity to create the two independent pulses.
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Figure 8.10: The internal cavity setup is sketched. The pump pulse is passing the
PPLN twice in one round trip, possible creating the two independent pulses inside
the cavity. Harmonically pump scheme can be implemented in this design as well.

therefore introduces a loss to the cavity. A 10cm path length takes 0.3ns traveling
time. The change in voltage at the peak value using V(t)=V0 (1+cos(ωt)), where
V0 is the peak voltage, ω the frequency of the signal, for a 1.5m linear cavity (10ns
roundtrip time) is 2% resulting in a cavity loss in the same magnitude. This can be
avoided by voltage larger than the λ/2 voltage as sketched in Fig. 8.11. The pulse is
passing through the modulator slightly before and on the return path slightly after
the peak voltage is reached. The same concept applies to the second pulse in the
cavity at zero wave voltage.
A problem arises when the Pockels cell is driven by the repetition rate of one
pulse. The cell will also act as a phase modulator similar to the EOM in Chapter
5 and introduces a bias beatnote between the two pulses. Driving the Pockels cell
by double the repetition rate of one pulse while simulatenously oscillating between
-Vλ/2 to +Vλ/2 can eliminate the beatnote (see figure 8.12). The first pulse will see an
alternating positive or negative Vλ/2 every round-trip resulting in the cancellation of
the acquired phase that creates the beatnote. For the second pulse, the cancellation
can take place already on the return path.
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Figure 8.11: One the left side, the ideal situation is shown. The modulator is driven
by the repetition rate of one pulse and a short tail is assumed. The pulse 1 (red)
and pulse 2 (blue) will always hit either the zero voltage or the λ/2 voltage so they
are diverted into the two different arms. On the right the figure takes into account
that the tail has a finite length. Driving the modulator with a biased signal such
that zero and λ/2 voltage is not at the peak allows for minimum loss. The arrows
indicate the first path and the return path of one pulse.

The best signal possible would be the series of step functions as shown in figure
8.13. The pulse width can be chosen to accommodate the cavity tail length, thereby
providing the ability to adjust the separation between the blue and red pulse, reducing the requirement of the modulator placement inside the cavity. A similar circuit

Figure 8.12: The modulator driven by twice the repetition rate of one pulse.
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Figure 8.13: Ideal signal with square pulses.

that produces such a pulse train has been published by Braga et al [55]. for moderate
voltage levels of a few volts. The technical difficulty is the high voltage needed.

The applications is not only limited to phase imaging. IPI can also be applied
to measure the amplitude of phonon waves in mirror coatings. The mirror of the
sample cavity can be coated with any high reflective coating that is excited at a
periodicity of the laser cavity itself. The two-pulse externally pumped OPO cavity
is a great candidate for this sensor. The unused portion of the pump pulse has still
enough power to excite the optical phonon in the coating and the same repetition
rate as the OPO. As coating, Bismuth is a prime candidate as coating for studying
the performance of this nanoscope sensor. Several studies have been carried out
investigating the properties of optical phonon and can be compared to our device
[74] .
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8.4

High Repetition Rate OPO

Another OPO application, unrelated to the two previous examples, is high-repetition
rate OPO used for astronomy. In astronomy, stable frequency combs with a large,
in the GHz, frequency separation are required as reference signals. The signals
are normally provided by optical techniques like high repetition rate, mode-locked
Ti:Sapphire Laser systems. The research proposes a different method:using a harmonically, synchronously pumped optical parametric oscillator (OPO), where the
pump laser is stabilized in repetition rate as well as phase. Small cavities require
the use of a short gain crystal to minimize dispersion. Also negative GVD mirrors
(NGVD) have to be used to compensate the cavity’s group velocity dispersion. The
mode-locking mechanism is challenging due to the smaller crystal used and therefore
less nonlinearity is present to achieve Kerr lens mode-locking. Short pulse operation
is achieved up to 10GHz with an outputpower of 1W [75]. Higher repetition rates
are difficult to achieve due to the required space for placing the NGVD mirrors as
well as the size of the gain crystal.
Optically pumped VECSELs mode-locked with an on-chip saturable absorber can
push the limit even further. Short pulse widths is a challenge for such devices and
only 100fs pulsewidths have been achieved to date. Harmonically pumped OPOs
can be used to achieve high repetition rate lasers without miniaturizing the cavities.
Kokabee et al [46] have successfully achieved a 16GHz picosecond OPO this way.
In this research, it was shown that these multiple pulses inside the OPO cavity are
independent of each other, especially in phase as shown in chapter 5.
The unique feature of synchronously pumped OPO is that the repetition rate
τRT of the OPO pulse train is determined by the pump repetition rate. The feature
implies that the frequency spacing of the OPO comb is fixed assuming a perfectly
stable pump pulse train. However, the CEP is not fixed. The CEP is the electric
field phase in respect to the center of the envelope of the pulse. This pulse to pulse
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varying phase converts directly into a frequency, the CEO. In the frequency picture,
the comb picture, the CEO can be seen as an offset frequency from zero. In an
OPO, the pump frequency becomes converted into a signal and idler frequency. The
conversion process in an OPO has to fulfill three main conservation laws:
1. energy
2. momentum
3. phase
The first two laws are normally considered as the phase matching condition where
the wavelength has to be conserved e.g ωpump =ωidler + ωsignal and the wave vectors
kpump =ksignal +kidler have to be conserved respectively. The proposed method will use
the third conservation–the phases also have to be conserved: ϕpump =ϕsignal +ϕidler −
π/2. A perfect stabilized pump source (repetition rate, wavelength and phase) and
the phase matching condition puts constraints on the system. By injecting a continuous wave seed laser at the idler wavelength, the idler’s phase and the frequency
are fixed. This leaves a perfectly stabilized frequency comb with all parameters
controlled: repetition rate, wavelength, and phase.
To create the high repetition rate OPO, the OPO cavity length must be changed
to a common multiple of the pump cavity, the harmonical pumping scheme.The first
pump pulse will create a signal pulse circulating in its cavity until it interacts with
another pump pulse for amplification. The pump pulses in between the first pump
pulse will create a signal pulse, also circulating within the cavity. This leaves us
with a higher harmonic of the original pump repetition rate. For example, creating
a 300MHz OPO from a 100MHz pump laser, 3 separate pulses are circulated in the
OPO cavity. The 300MHz OPO can be achieved by either a 3 times larger cavity or
a 3/4th smaller cavity than the pump cavity length. This scheme can be applied to
any multiple of the original pump repetion rate.

114

Chapter 8. Future Work
Combining both methods, the phase locking with a seed laser and the high repetition rate OPO will give the desired perfect frequency ruler needed in several other
fields e.g Astronomy. The wide tunabillity of the OPO’s center wavelength will make
this device a very versatile spectroscopic tool.
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Conclusion
This dissertation is centered around the two-pulse-per-cavity mode-locked laser systems and their applications.
The first experiment discusses how two-pulse-per-cavity lasers can also be used
for an analogy between the laser cavity and two-level atoms. This analogy, provides
new insight into the dynamics of two-pulse coupling in mode-locked ring lasers. The
analogy might explain observations like a Kerr-lens mode-locked ring laser, which
switches directions of operation at rates of tens of Hz, rather than being bidirectional.

In the second experiment, an external pumped OPO is introduced with a cavity
tvice the length of the pump. The cavity length enables creating two independent
pulse trains. The phase independence between the two pulses was obtained from
the beatnote measurement with an electro-optical modulator. Further, no coupling
or deadband was observed and a very narrow beatnote bandwidth was measured,
implying long-term stability.A slightly modified setup measured the non-linear index
of PPLN with very good error bars and a value consistent with previously reported
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numbers. For a complete survey, a brief discussion of the intra-cavity pumped OPO
is described, including the problems encountered.

Novel approaches for OPO pump sources are also presented and studied. For the
first time, the research demonstrated a hybrid mode-locked tapered amplifier laser
in a ring cavity. The high average output power and broad tunability will the make
the laser adaptable for many applications. Due to the limitations in pulse energy,
however,the tapered amplifier laser is inadequate to pump an OPO. Therefore, the
research next considered VECSELs. Currently, a mode-locked 795nm VECSEL has
not been achieved.

Continuing with IPI research, the experiments innovated a new application for
IPI, optical magnetometry. A proof of principle experiment was presented with
promising performance where a solid state (TGG) probe is used. Atomic vapor was
discussed as a a probe to improve IPI magnetometer performance.

Finally, fundamental IPI limits were discussed. For Ti:Sapphire the limit is the
Schawlow-Townes linewidth. Before approaching this limit the mechanical noise has
to be suppressed significantly. For the OPO, a more difficult limit arises.The OPO
can be treated like a laser, but due to the phase-matching mechanism as well as the
synchronously pumping, a more complex system evolves.

The last chapter proposed a number of experiments to improve the performance
of optical magnetometer and an application of IPI for phase imaging.
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Appendix A
Pump Energy and OPO Gain
A simple calculation can be made to show that the threshold of an OPO is only
related to the Energy of the pump pulse. Starting from the threshold condition for
a single resonant OPO (found in Chapter 2 of [66])

g 2 L2 = 2 × l

(A.1)

where g is the nonlinear gain, L the length of the gain crystal and l the loss of
the cavity for the signal frequency. For this calculation it is assumed that perfect
conditions are present. This means perfect phase matching ∆k=0 is achieved and
the crystal length is adapted to the pulse widths as well as the focusing arrangement
is chosen such that a minimum beam size is achieved over the length of the crystal.
The gain can be derived as the following:
s
4ωs2 ωi2 d2ef f A2p
g=
ks ki c2

(A.2)

were i and s stand for signal and idler, def f is the effective nonlinear coupling coefficient and Ap the dimensionless electric field amplitude of the pump pulse. The
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intensity I is related to Ap : Ip = 2n0 c|Ap |2 . Normally for nonlinear process the
peak intensity is used for Ip =Iave τrt /τp . For the length of the crystal we choose it to
be proportional to the Rayleigh length of the pump beam L = ρ = πw02 /λ and that
L is proportional to the pulse width τp of the laser we get the following expression:

g 2 L2 ∝ Iave w02 τrt = Wp

(A.3)

where Wp is the pulse energy.
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Appendix B
Optically Pumped VECSEL
Structure
The structure of the VECESL:
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Appendix B. Optically Pumped VECSEL Structure

Al content Thickness [A]
Substrate
Start
Mirror 40x

Intermediate

Gain QW 5x

Intermediate

Top layer

SI GaAs
GaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs
AlGaAs

0.3
0.3
0.67
0.81
0.9
0.92
0.9
0.81
0.64
0.47
0.35
0.28
0.23
0.2
0.08
0.2
0.08
0.2
0.28
0.35
0.47
0.67
0.86
0.96
0.98
0.96
0.86
0.67
0.47
0.37
0.32
0.3
0.3
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1073
575
575
41
42
43
390
43
42
41
191
186
183
22
439
74
92
74
439
183
186
191
41
42
43
394
43
42
41
39
39
38
345
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